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INTRODUCTION

The 8th Joint Meeting of the U.S.-Japan Natural Resources Panel on Earthquake 
Prediction Technology was held in Seattle, Washington and near Landers, California 
on November 16-21, 1992. The UJNR program fosters the exchange of scientists, 
information, equipment and knowledge between government agencies in Japan and the 
United States concerned with problems involving natural resources.

Technical sessions were held in Seattle, Washington, on November 17-18, 1992, 
with the scientific theme of the meeting "Great subduction zone earthquakes". The 
technical chairman for the meeting was Dr. Craig Weaver (U.S.G.S., Seattle, WA).

A field trip was taken to visit newly recognized paleoseismic sites in Puget 
Sound, near Seattle, on November 19, 1992, under the leadership of Dr. Robert 
Bucknam (U.S.G.S., Golden, CO), and Dr. Brian Atwater (U.S.G.S., Seattle, WA). 
The entire party travelled by ferry across Puget Sound to visit the uplifted beaches on 
Restoration Point. Upon returning to Seattle, some members of the party visited the 
site of the Seattle Sewage Treatment Plant, where excavations in progress revealed 
further paleoseismic evidence. All participants who visited the construction site to 
view evidence of tsunami (or seiche?) depoists will long remember the specialized 
footwear provided by Dr. Bucknam and Dr. Atwater.

The Japanese delegation continued from Seattle to Ontario, California, on 
November 20, 1992, where they were met by Mr. Michael Rymer (U.S.G.S., Menlo 
Park, CA) and Dr. Susan Hough (U.S.G.S., Pasadena, CA), who took them to visit the 
site of the 1992 M 7.4 Landers, California earthquake. The Landers field trip 
concluded on November 21, 1992.
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RESOLUTION OF THE EIGTH JOINT MEETING 
U.S.-JAPAN PANEL ON EARTHQUAKE PREDICTION TECHNOLOGY

UJ.N.R. 
November 1992

The UJNR Panel on Earthquake Prediction Technology recognizes the critical 
improtance of promoting prediction research in both countries. The Eigth Joint Meet­ 
ing was extremely beneficial in furthering friendship and deepening understanding of 
the common problems of both Japan and the U.S.

Technical sessions included presentation of 27 papers, focussing on great subduc- 
tion zone earthques in Japan and the U.S., including extensive discussion of national 
and agency programs, probabilistic methods of earthquake forecasting, earthquake pre­ 
cursors, fundamental earthquake studies, crustal structure and the M 7.5 Landers, Cali­ 
fornia earthquake of 1992.

Discussion was extremely frutiful, and the Panel unanimously adopted the follow­ 
ing resolutions:
1. One of the most important means of achieveing joint progress is by the long-term 
exchange of researchers between our two countries. Since the First Joint Meeting such 
exchanges have already achieved extremely valuable results. We recognize the advan­ 
tages of close coopearation between governmental and academic scientists in earth­ 
quake prediction research in both the United States and Japan. Each side should 
investigate possibilities for widening participation in the Panel. In this respect, the 
panel members recognize the importance of joint activities in the form of symposia, 
and support the proposal of cooperative programs on earthquake prediction research 
under the U.J.S.T. agreement. Efforts should also be made to cooperate on instrumen­ 
tal development, observations, data interpretation, and earthquake prediction experi­ 
ence, collocation between laser ranging, GPS and VLBI techniques, development of 
transportable VLBI and SLR systems, research on active faults, and laboratory rock 
mechanics.
2. We strongly agree that exchanges of data and analysis methods are mutually 
beneficial, and strongly encourage these activities. In particular, the Panel empahasizes 
the importance of sharing experience and exchanging data in the areas of geodetic 
measurements, crustal deformation and monitoring, precursory phenomena, modelling 
techniques, and automatic processing of both seismic and crustal deformation data.
3. Advances in the archiving and retrieval of seismic waveform data has created a 
new envornment for collaborative research. The panel endorses and encourages 
cooperation in the analysis of these data, and recognizes the potential for exchange of 
these data through computer network connections between our two countries.
4. Cooperation in the application of space techniques to prediction research is already 
in progress and should continue. Information on the precision geodetic measurements 
and GPS measurements for the detection of crustal deformation should be exchanged. 
Cooperative experiments using U.S. and Japanese laser ranging and VLBI facilities 
should be continued.

5. The next joint meeting will be held in Japan in the autumn of 1994.
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Opening Remarks
by 

William L. Ellsworth

On behalf of Dr. Robert Wesson, U.S. Chairman, and the other U.S. members of 
the U.S.-Japan Conference on Natural Resources, I would like to welcome everyone to 
the 8th meeting of the Panel on Earthquake Prediction Technology. I want to extend 
an especially warm welcome to our guests from Japan, and wish you all a plesant stay 
in the Emerald City of Seattle.

Over the past 14 years, the work of this UJNR Panel, through its joint meetings, 
and scientist-to-scientist exchanges, has done much to improve our common 
understanding of earthquakes, advance the technology we use to study them, and 
perhaps most importantly, put this technology into practical use for the benefit of both 
of our societies. During our meeting these next two days, we can look forward to 
learning about many exciting, new results from both sides of the Pacific.

One important result that you will hear about has been a major change in our 
perception of earthquake hazards in Seattle, and more generally, the Pacific Northwest 
of the United States. Many of the scientists responsible for advancing and refining this 
understanding are in attendance. I am sure that they look forward to sharing their 
ideas with you, and will welcome your comments and questions.

Opening Remarks
by 

Yamato Miyazaki

It is our honor and pleasure to be able to visit the United States and this most 
beautiful city of Seattle to participate in the 8th Joint Meeting of UJNR, the United 
States-Japan Conference on Developement and Utilization of Natural Resources Panel 
on Earthquake Prediction Technology.

To our pleasure this conference also gives us an opportunity to meet old friends 
again and make new friends.

Prediction of earthquakes, compared to other fields of science, is no easy task. 
Nowdays with rapid economic and urban development, the demand for prediction 
technology is increasingly urgent. I believe the exchange of information and opinions 
through the Technical Sessions will greatly help to minimize damage caused by 
earthquakes not only for us but also for the whole world.

Taking this opportunity I would like to express our deepest gratitude to Dr. 
Robert Wesson and all the staff members for organizing and inviting us to this most 
meaningful conference. Also please accept our special appreciation to Dr. William L. 
Ellsworth and Dr. Craig Weaver for their dedicated efforts. Here may I introduce the 
participants from Japan. Professor Kiyoo Mogi, Special Guest for today. As you may 
well know, Professor Mogi is leading the Coordinating Committee for Earthquake 
Prediction and the Panel on Earthquake and Volcano of Geodetic Council.
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Activities of the Coordinating Committee 
for Earthquake Prediction

Yamato MiYAZAKI, Yoshitake EGAWA
Geographical Survey Institute
Tsukuba, lbaraki,305, Japan

1. i ntroduct i on
23 years have passed since the CCEP(Coordinating Committee 

for Earthquake Prediction) was established. The purpose of the 
CCEP is realization of earthquake prediction. The CCEP has been 
playing an important role in promoting cooperation and informa­ 
tion exchange among scholars in related fields both from univer­ 
sities and governmental organizations. In May 1992, the 100th 
regular meeting of the CCEP was held.

In this report, first the organization of the CCEP is intro­ 
duced, secondary its achievements are shown, and finally its role 
in the earthquake prediction system in Japan is explained.

2. The Organization of the CCEP
The CCEP is composed from about 30 researchers concerning 

earthquake prediction in various areas, i.e. seismology, geology, 
geodesy, oceanology, geochemistry, etc. from universities or gov­ 
ernmental organizations. The Geographical Survey institute, the 
secretariat of the CCEP, commissions the members of the CCEP and 
makes an announcement concerning important natters discussed in 
the CCEP. Organizations from which the CCEP members come are as 
fol lowsUable 1).

Geographical Survey Institute (Secretariat)
National Research Institute for Earth Science .and Disaster
Prevent
Meteorological Agency
Hydrographic Department, Maritime Safety Agency
Geological Survey of Japan
National Astronomical Observatory
Hokka i do Un i versi ty
Tohoku Un i vers i ty
Un ivers i ty of Tokyo
Nagoya University
Kyoto University
Kyushu Uni vers i ty
Nihon University

TABLE 1 Composition of the CCEP

The chairman of the CCEP is elected among the members. 
Professor K. Mogi of Nihon University, originated from the head 
of the Earthquake Institute of Tokyo University, is the Chairman 
of the CCEP now. The regular meeting is generally held 4 times a 
year. Besides the regular meeting, the subcommittee for the 
Intensified Observation Areas and the Specific Observation Areas 
are held, as occasion demands.



The results of observations and researches by the organiza­ 
tions of the CCEP members are exchanged and discussed in the 
meeting. The most apparent difference between academic societies 
and the CCEP is that it is acceptable to report only observation 
data in the CCEP without any theoretical explanations. Data 
exchange would be important to study empiric and synthetic 
science like earthquake prediction. In Japan, especially in the 
CCEP, not only theoretical studies but also results of observa­ 
tion are valued highly, which is one of the reasons why the CCEP 
works well. It is another reason that contributions to the CCEP 
by researchers are appreciated in academic societies.

The matters presented in the meeting are also open to the 
researchers other than the members of the CCEP through the publi­ 
cation of the bulletins. The bulletins which have been generally 
published twice a year are widely used and often referred in 
seismological papers as fundamental materials. The important 
matters of each meeting are also notified to the public through 
the explanations to journalists and local government officials 
concerned after the meeting.

3. The Achievements of the CCEP
The activities of the CCEP has been steadily increasing 

since it was established. So far 48 regular bulletins were pub­ 
lished, the total amount pages of which exceeds 13,000, besides 4 
special bulletins about the Intensified Observation Areas and the 
Specific Observation Areas(Fig. 1). The government budget con­ 
cerning earthquake prediction in 1991 fiscal year increased about 
13 times more than that in 1969 when the CCEP was 
establ ished(Fig. 2). It will be seen that the government has been 
constantly and steadily investing in the enterprise of earthquake 
pred i ct i on.

Several important matters concerning earthquake prediction 
have been discussed in the CCEP. The selection of the Intensi­ 
fied Observation Areas and the Specific Observation Areas has 
been useful from the point of view of efficiency and concentra­ 
tion of observations. In addition, the areas are used by the 
administrative organizations, for instance, to make UP a counter- 
measure for preventing disasters (Fig . 3).

People recognize that the information of the CCEP is highly 
reliable. It will be because the CCEP has been showing many 
achievements, some examples of which are as follows. 
(Example 1)

In 1969, it was made clear in the CCEP that there exists 
seismic gap off the Nemuro Peninsu1 a(Fig. 4). Nerauro-hanto-oki 
earthquake(M7.4) occurred in the indicated area in 1973. 
(Example 2)

In 1974, the CCEP decided to upgrade the T'okai district from 
the Specific Observation Area to the Intensified Observation 
Area, because of the results of the geodetic observations and the 
discovery of new evidence concerning the "Tokai earthquake". It 
made an important effect on the promulgation of the Large-Scale 
Earthquake Countermeasures Act in 1978. 
(Example 3)

In 1974, it became clear that there is the upheaval of the 
ground around Kawasaki city, because of the results of releveling



made by the Geographical Survey Institute. The CCEP made an an­ 
nouncement that the upheaval around Kawaski city will not have no 
relation to big earthquakes. 
(Example 4)

In 1989 July, there were a series of swarm earthquake activ­ 
ities in the east of Izu Peninsula, near (to city. The Intensi­ 
fied Observation Area subcommittee was held on July 5 and 13. 
After the meeting of July 13, the comment was announced that 
these earthquakes are owing to the raagmatic activities. About one 
hour after the announcement, the eruption in the sea off Ito City 
occu rred. 
(Example 5)

Though the number of big earthquakes after the establishment 
of the CCEP is less than the previous period, almost all big 
earthquakes including Nihonkai-chubu Earthquake, M7.7, happened 
in the Intensified Observation Areas or the Specific Observation 
Areas which covers about 20X areas of Japan. It is possible to 
say that the long-term earthquake prediction by the CCEP has been 
successful.

4. The Role of the CCEP in Earthquake Prediction System in Japan
Fig. 5 shows the earthquake prediction system in Japan.
The Geodesy Council which was settled in 1949 has been 

recommending to the Prime Minister and other Ministers concerned 
the 5-year plan for earthquake prediction. The first 5-year plan 
was made in 1963, after "Prediction of Earthquakes - Progress to 
Date and Plans for Further Development" or so-called the "blue 
print" was drafted by the seismologists and earthquake predic­ 
tion researchers in 1962. Because the necessity of the coordinat­ 
ing organization for earthquake prediction was recommended in the 
second 5-year plan in 1968, -the CCEP was settled in 1969. The 
present 6th 5-year plan has been running from 1988.

The Headquarters for Earthquake Prediction Promotion(HEPP), 
which was settled in 1976, is an interdepartmental conference for 
controlling and arranging earthquake prediction research between 
government organizations concerned under the 5-year plan recom­ 
mended by the Geodesy Council. The head of HEPP is the Minister 
of Science and Technology Agency and the members are the perma­ 
nent secretaries of concerning Ministries.

On June 15, 1978, the Large-Scale Earthquake Countermeasures 
Act was promulgated. This Act, which is intended to protect the 
life and property of the citizens against disaster due to large 
scale earthquakes, was formulated on the assumption that it is 
possible to predict large-scale (M8 class) earthquakes in the 
Areas under Intensified Measures against Earthquake Disaster. 
Presently only Tokai area, where Magnitude 8 class earthquake, so 
called "Tokai earthquake" is predicted to occur in near future, 
is applied to the Act. For this purpose, many data of several 
government organizations concerning "Tokai earthquake" are gath­ 
ered to the Japan Meteorological Agency(JMA). The Earthquake 
Assessment Committee for the Areas Under Intensified Measures 
Against Earthquake Disaster, the secretary of which is J M A, was 
established in 1980 to assess the "Tokai earthquake". The promul-



gation of the Act is owing to the discussion in the CCEP, as 
stated prev i ous1y.

In the earthquake prediction system in Japan, The CCEP plays 
a role of practical "headquarters" because all information neces­ 
sary for earthquake prediction are gathered, exchanged, and 
discussed freely in the CCEP research and assessed from the aca­ 
demic point of view. Though the CCEP is operated by the govern­ 
ment budget, it is administratively independent from government 
organ i zat i ons.

5. Closing Remarks
Recently the circumstance around earthquake prediction in 

Japan seems to be slightly changing. The doubts about effective­ 
ness and probability of earthquake prediction and the criticism 
on the earthquake prediction system are sometimes seen in the 
articles of newspapers and magazines.

Though it becomes clear that the earthquake prediction is 
not so easy as thought when the CCEP started, many scientific 
facts have been made clear by the CCEP. The CCEP is expected to 
make progress towards the successful earthquake prediction in 
Japan and will increase its activities.



1943 Tottori Earthquake M7.2
1944 Tonankai Earthquake M7.9
1946 Nankai Earthquake M8.0
1948 Fukui Earthquake M7.1
1952 Tokachi-oki Earthquake M8.2
1953 Boso-oki Earthquake M7.4
1960 Sanriku-oki Earthquake M7.2
1961 Hyuga-nada Earthquake M7.0
1961 Kushiro-oki Earthquake M7.2
1961 Kita-Mi no Earthquake M7.0
1962 Hiroo-oki Earthquake M7.0
1964 Ni igata Earthquake M7.5
1968 Hyuga-nada Earthquake M7.5
1968 Tokachi-oki Earthquake M7.9

1969 ESTABLISHMENT OF THE COORDINATING COMMITTEE 
FOR EARTHQUAKE PREDICTION

1970 The CCEP selected 1 Intensified Observation Area and 8
Specific Observation Areas 

1972 Hachijo-jima-kinkai Earthquake M7.1
1972 Hachijo-jima-toho-oki Earthquake M7.2
1973 Nemuro-hanto-oki Earthquake M7.4

The CCEP announced an unified view on Nerauro-hanto-oki
Ear thquake

1978 I zu-Oshiraa-kinkai Earthquake M7.0 
1978 Miyagi-ken-oki Earthquake M7.4 
1978 Large-Scale Earthquake Countermeasures Act was

promu1 gated. 
1978 The CCEP revised 2 Intensified Observation Areas and

8 Specific Observation Areas
1982 Urakawa-oki Earthquake M7.1
1983 Nihonkai-chubu Earthquake M7.7
1984 Hyuga-nada Earthquake M7.1

TABLE 2 Main earthquakes in last 50 years in Japan 
and topics concerning the CCEP
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Headquarter* Tor Earthquake 
Prediction Promotion

(1) Promotion of earthquake 
prediction research

(2) Realization of the proposal made 
by the Geodesy Council

Science & Technology Agency 
(established in October. 1976)

Coordinating Committee for 
Earthquake Prediction

Exchange of information relevant 
to earthquake prediction research 
and judgment of crustal activities 
in the future

Geographical Survey Institute 
(established in April. 1969)

Earthquake Assessment Committee 
for the Areas Under Intensified 
Measures Against Earthquake 
Disaster

Short-term earthquake prediction 
in the area under intensified 
measures

Japan Meteorological Agency 
(established In August. 1979)

Central Committee for Hazard 
Prevention

National Land Agency 
(established in November, 1961)

Universities

Earthquake Research Institute 
Univenity of Tokyo

National Research Center 
for Disaster Prevention

International Latitude 
Observatory of Mizusawa

   {Geological Survey of Japan

Japan Meteorological Agency I

Hydrographic Department

Geographical Survey Institute

Regional Observation Center for Earthquake Prediction

Mobile Party
Micro Seismicity Observatory
Crustal Activity Observatory

Earthquake Prediction Observation Center

Mobile Party
Micro Seismicity Observatory
Crustal Activity Observatory

Observation in the Tokyo area
Continuous observation of the cruslal activity in Tokai and
Kanlo districts

"j Earthquake observation. Tilt observation |

Observation of changes in seismic wave velocity 
Active structure in the crust 
Ground water observation

Seismicity Monitoring Center

Large }
Moderate \ earthquake
Small J
Bore-hole slrainmelcr

  I Tidal observation. Geomagnetic survey |~

Tidal observation. Geomagnetic survey 
Submarine topography

Crustal Activity Monitoring Center

Geodetic survey, Gravity survey. Geomagnetic survey

  [Tidal observation]---  -»[ Tidal observation f- -- 

Coastal Movements Data Center L _ _  '

Fig. 5 Earthquake Prediction System in Japan
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A Tsunami About 1000 Years Ago in 
Puget Sound, Washington

Brian F. Atwater and Andrew L. Moore
Water surged from Puget Sound sometime between 1000 and 1100 years ago, overrunning 
tidal marshes and mantling them with centimeters of sand. One overrun site is 10 kilometers 
northwest of downtown Seattle; another is on Whidbey Island, some 30 kilometers farther 
north. Neither site has been widely mantled with sand at any other time in the past 2000 
years. Deposition of the sand coincided to the year or less with abrupt, probably tectonic 
subsidence at the Seattle site and with landsliding into nearby Lake Washington. These 
findings show that a tsunami was generated in Puget Sound, and they tend to confirm that 
a large shallow earthquake occurred in the Seattle area about 1000 years ago.

A large earthquake probably happened 
between 500 and 1700 years ago on the 
Seattle fault (J), which has been inferred 
to extend westward across Puget Sound 
from downtown Seattle (2). The main 
evidence for the earthquake consists of 
terraces that record meters of abrupt uplift 
at Puget Sound (I). If abrupt enough to 
have accompanied an earthquake, such 
uplift should have generated a tsunami in 
Puget Sound. In this report, we show that 
a tsunami originated in Puget Sound be­ 
tween 1000 and 1100 years ago (3) and 
that it probably was generated by an earth-

B. F. Atwater, U.S. Geological Survey at Department of 
Geological Sciences. University of Washington, AJ-20, 
Seattle, WA 98195.
A. L. Moore, Department of Geological Sciences, 
University of Washington. AJ-20, Seattle, WA 98195.

quake or. the Seattle fault.
Tsunamis can deposit sand on coastal 

lowlands. Modern examples have been re­ 
ported from Chile (4, 5), Japan (6), and 
British Columbia (7), and ancient exam­ 
ples have been inferred for Chile (5), Japan 
(6), Scotland (8), Alaska (9), and the 
Pacific coast of Washington and Oregon 
(JO, JI). In most of these examples, an 
onshore sheet of marine or estuarine sand 
dates to the time of an event known or 
inferred to have generated a tsunami.

We found tsunami deposits at two sites 
north of the Seattle fault {see figure 1 in 
(])]. One of these sites borders Cultus Bay, 
which opens southward from Whidbey Is­ 
land, 40 km north of the fault. The other 
site is West Point, which juts into Puget 
Sound 7 km north of the fault.

The tsunami deposit at Cultus Bay forms 
a sheet of sand mostly 5 to 15 cm thick in 
an area at least 100 by 200 m (Figs. 1 and 
2). There, wetland peat has built upward 
and bayward since a tidal marsh began to 
supplant a tidal flat about 2000 years ago. 
This peat contains the sand sheet, which 
we found in scores of auger borings and 
followed as a continuous bed along more 
than 100 m of a drainage ditch. Neither the 
auger borings nor the ditch revealed any 
other sand bed in the peat. The surface 
covered by the sand shows 2 m of relief: 1.5 
m where the sand mantled a sloping marsh 
(12) and another 0.5 m where the sand 
covered colluvium of an adjacent hillside 
(Fig. 2). The median grain size, mostly 
about 0.1 mm, decreases landward and 
stratigraphically upward (J3). The sand 
contains microscopic marine fossils (14).

Deposition of the sand sheet at Cultus 
Bay occurred sometime between 850 and 
1250 years ago, and it happened while the 
site probably underwent little or no subsid­ 
ence. We dated the sand sheet by obtaining 
radiocarbon ages on plant remains in 
growth position in the sand (Fig. 2, in 
ditch). The dated remains are rhizomes 
(below-ground stems) and attached leaf 
bases of arrowgrass (Triglochin maritimum) , 
which at modern Cultus Bay thrives only in 
a 1-m range high in the intertidal zone. 
Because additional arrowgrass rhizomes lie 
both below and above the sand, we suspect 
that the dated rhizomes grew upward 
through the sand sheet within years of its 
deposition. Such maintenance of arrow- 
grass would mean that deposition of the 
sand attended little or no subsidence of the 
Cultus Bay marsh (15).

The sand sheet at Cultus Bay is better 
explained by a tsunami than by a flood or 
storm. The landward fining and salt water 
fossils of the sand implicate a surge from

Historical
tidal
marsh

m-w Puget Sound

Fig. 1. Index maps of Cultus Bay. M, marsh 
surveyed for vertical ranges of plants plotted on 
right side of Fig. 2. Inset shows extent of sand 
sheet in peat or peaty mud, as seen in auger 
borings ( , sand present; x, absent) and in ditch 
(filled, present; open, absent).
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Fig. 2. Cross section along line of auger borings 
near Cultus Bay (vertical exaggeration x20) 
(Fig. 1). Fossil rhizomes: (D), saltgrass Distichlis 
spicata, (A), arrowgrass Triglochin maritimum. 
( ). tule Scirpus acutus or S. califomicus. Ra­ 
diocarbon ages (in 14C yr before A.D. 1950) all 
measured on arrowgrass rhizomes (25). Vertical 
control from third-order leveling. Tidal datums 
(MHHW, mean higher high water, MLLW, mean 
lower low water) estimated by measuring a low 
slack tide on a windless sunny day, relating this 
tide to tide-table predictions, and extrapolating 
tidal datums from Hansville. which is 12 km west 
of Cultus Bay. EHW, extreme high water in winter 
of 1991-1992; denotes upper limit of flotsam in 
sheltered embayment. Lines at far right show 
vertical zonation of tule, arrowgrass, and salt- 
grass on tidal wetlands near M (Fig. 1): spe­ 
cies denoted by rhizome symbol; horizontal 
line shows lower limit of marsh surface on 
which species was found living; tip of arrow 
shows upper limit.

West
EHW

MHHW

1m

MLLW

Highest part of sand sheet

Auger boring
East

I
1

Puget Sound, not a flood from the land. 
The lack of other sand beds distinguishes 
this surge from most or all storms at Cultus 
Bay in the past 2000 years. Because it 
occurred sometime between 850 and 1250 
years ago, the surge may correlate with 
events that could have common cause with 
a tsunami in Puget Sound: abrupt uplift 
south of the Seattle fault between 500 and 
1700 years ago (I), a landslide at Lake 
Washington between 1000 and 1100 years 
ago (J6), rock avalanches in the Olympic 
Mountains between 1000 and 1300 years 
ago (17), a ground-water eruption along the 
Pacific coast of Washington between 900 
and 1300 years ago (11), and abrupt subsid­ 
ence at West Point between 1000 and 1100 
years ago |see figure 1 of (1)].

The tsunami deposit at West Point 
punctuates a sequence of mostly intertidal 
deposits exposed in a sewer excavation 150 
m long (Fig. 3). Sand and gravel low in the 
excavation represent a beach (18) on which 
people built fires and discarded shells before 
2000 years ago (unit A, Fig. 4). The beach 
was eventually buried by silty debris flows 
from an adjacent hillside and by intertidal 
mud, peat, and sand. The first phase of 
intertidal burial, marked by unit B, lasted 
about 1000 years and concluded with a

West

marsh dominated by saltgrass (Distichlis spi­ 
cata) and bulrush (Scirpus maritimus). Next 
came the tsunami, which deposited the 
only widespread, tabular body of sand in the 
excavation (19). At that point the marsh 
and the toe of a debris flow became a 
short-lived tidal flat. This tidal flat, record­ 
ed by unit C, aggraded rapidly until it 
became a saltgrass marsh, recorded by unit 
D (20). The marsh of unit D persisted about 
1000 years until it was covered by artificial 
fill several decades ago.

East

MHHW

 SMLLW
-2

Artificial fill

1290±60(R] 
370±60(D)

Vertical exaggeration X 20

a 

b 

c 

d 

e 

f 

g 

h

Ji. V. 
_*. 

-li. .It.'jjj
-I-
" 1 / \

  o
TV.

f\

XX 

XX

Fig. 3. Index map of West Point. Depth and 
elevation contours in meters.

Fig. 4. Cross section along south wall of excavation for effluent pipe at West Point. Contacts solid 
where observed, dashed where inferred. A, B, C, and D denote stratigraphic units discussed in text. 
Kinds of deposits: a, stratified sand and basal mud pumped onto site in middle 1900s; b, peaty mud 
and peat with growth-position rhizomes of tidal-marsh plants; c, well-bedded, woody but rhizome- 
free mud and sand; d, nonbedded gray mud, e, sandy silt with scattered pebbles; f, sandy gravel 
and subordinate sand, organic in uppermost 0.1 to 0.5 m; g, disarticulated shell with minor 
charcoal, cracked rock, and mammal bone; h, lenses containing wood ash Vertical control by 
third-order leveling from construction bench marks. Tidal datums (abbreviated as in Fig. 2) 
extrapolated from 10 km to southeast, at downtown Seattle, where tied by the National Ocean 
Survey to the National Geodetic Vertical Datum of 1929 (NGVD). Radiocarbon ages (in 14C yr before 
A.D. 1950) on individual detrital sticks except where labeled P (peat), S (bulrush culms entombed 
in sand sheet and in overlying mud), L (Douglas fir log. outer 15 rings), R (shrub root in growth 
position), and D (multiple sticks from duff) (26). Location of cross section in treatment-plant 
coordinate system (18): north 850 to 900 feet, east 1365 to nearly 1900 feet.
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Properties of the sand sheet at West 
Point vary with the kind of land that the 
sand covered. Where deposited on a marsh, 
the sheet ranges from 4 to 6 cm thick, 
shows little or no evidence of basal scour, 
grades stratigraphically upward from 0.5- 
mm sand to 0.1-mm sand, locally contains 
a basal lamina of 0.1- to 0.2-mm sand, 
includes sparse transported bivalves and 
barnacles, and surrounds culms (above- 
ground stems) of saltgrass and bulrush that 
are rooted just below the sand and extend 
vertically into tidal-flat mud as much as 10 
cm above the top of the sand. On debris 
flows, the sand thickens to 40 cm in swales, 
disappears on rises, and contains angular 
clasts of debris-flow silt and rounded peb­ 
bles. The highest deposit that we assign to 
the sand sheet (below H, Fig. 4) contains 
microscopic marine fossils (21). Present- 
day relief on the sand-mantled marsh and 
debris flows totals 1.5 m, but this value 
exceeds initial relief if unit B has been 
compacted by its overburden.

Land at West Point underwent at least 1 
m of abrupt, largely tectonic subsidence that 
coincided, within months, with deposition 
of the sand sheet. The subsidence sufficed to 
make room for the 1 to 1.5 m of tidal-flat 
deposits that widely accumulated on the 
sand-mantled marsh (22). Both the subsid­ 
ence and some of the consequent tidal-flat 
deposition happened too abruptly for the 
saltgrass and bulrush culms to decompose 
before being buried by tidal-flat mud. Hav­ 
ing initiated rapid tidal-flat deposition, the 
subsidence cannot have preceded deposition 
of the sand sheet by many months, for the 
sand accumulated on a marsh, not on a tidal 
flat. Nor did the subsidence follow sand- 
sheet deposition by more than one growing 
season: None of the marsh plants survived 
long enough after subsidence to grow rhi­ 
zomes or tubers into the sand sheet, toward 
the aggrading tidal flat. We doubt that much 
of the subsidence resulted from landsliding 
or compaction because none of the subsided 
land appears to have been rotated toward the 
hillside and because the subsided hillside 
consists of scarcely compressible diamict and 
silt (Fig. 4).

The probable age of the sand sheet at 
West Point is between 1000 and 1100 years 
ago. This century contains the 95% confi­ 
dence interval for the time of deposition, as 
shown by a high-precision radiocarbon age 
on standing, rooted bulrush culms (S, Fig. 
4) (23) and as further shown by radiocarbon 
ages and matched ring-width patterns of 
Douglas fir. A Douglas fir log (L, Fig. 4) was 
deposited with the sand sheet: it rests on 
patches of the sand and on toppled, flattened 
bulrush culms. Bark on the trunk and on 
flexible limbs suggests that this fir died close 
to its time of deposition. A conventional 
radiocarbon age (Fig. 4) brackets the time of

death between 850 and 1350 years ago. 
Matching of ring-width patterns shows that 
death of the West Point fir coincided, to the 
half year or less, with a landslide into Lake 
Washington (16). High-precision radiocar­ 
bon ages show that this landslide occurred 
between 1000 and 1100 years ago (16).

A tsunami explains the sand sheet at 
West Point because the sand contains ma­ 
rine fossils, mantles a former tidal marsh, 
ascends and incorporates hillside deposits, 
and dates to within months of subsidence 
and landsliding in the Seattle area. The 
tsunami probably originated in Puget 
Sound: Not only does the tsunami correlate 
closely with local subsidence and landslid­ 
ing, it also left abundant deposits at sites 
that show no obvious sign of the largest 
tsunamis that probably struck the Pacific 
coast of Washington in the past 2000 years 
(24). We equate the tsunami at West Point 
with the one at Cultus Bay because the sand 
sheets at Cultus Bay and West Point resem­ 
ble one another in graded bedding and 
radiocarbon age and because we recognized 
no evidence for any other tsunami in the 
past 2000 years at either site.

A large earthquake on the Seattle fault 
probably generated the tsunami by causing 
abrupt uplift south of the fault and comple­ 
mentary subsidence to the north (1). Such 
movement would have caused water in 
Puget Sound to surge northward across the 
fault. As it approached the West Point and 
Cultus Bay marshes, the tsunami probably 
encountered sandy shallows ancestral to 
modern tidal flats (Figs. 1 and 3). Sand thus 
suspended could have settled onto the 
marshes as the tsunami slowed across them. 
If tsunami deposits at West Point and Cul­ 
tus Bay record every large earthquake on 
the Seattle fault in the past few thousand 
years, only one large earthquake has oc­ 
curred on that fault since 2000 years ago.
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Study of Turbidite as an Indicator of Earthquake 

and its Intensity*

Yoshio INOUCHI**, Yoshihiro KINUGASA** 

and Fujio KUMON***

Sediments and other geological materials can retain evidences of 

earthquakes occurred in longer past, longer than written historical 

records and much longer than instrumental records. In this regard, 

study of sediments and geological materials have great advantage for 

studying past earthquakes and their recurrence.

We have had a chance to analyze the drilling cores and high 

resolution seismic profiles in Lake Biwa near Kyoto, Central Japan, ob­ 

tained for other purpose than the earthquake study. At four drilling 

stations, we estimate the ages of some 20 turbidites within 3 meters 

of the lake bottom based on maker tephra layers and sedimentation 

rate. On the other hand, the seismic intensities of historical 

earthquakes which occurred in the central part of Japan are estimated 

using empirical relations between intensity, distance from epicenter 

and magnitude.

The ages of the historical earthquakes of which intensities at 

Lake Biwa are higher than IV (JMA), equivalent to VII (MMK), fall in 

the time windows of the estimated ages of turbidites. This indicates 

that the studies of turbidite enable us to reveal the intensity of 

paleoearthquakes as well as those occurrences.

* will be read by Y.KINUGASA

** Geological Survey of Japan 

*** Shinsyu Univ., Japan
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GREAT SUBDUCTION-ZONE EARTHQUAKES IN THE PACIFIC NORTHWEST? 
DIFFERENTIATING COSEISMIC FROM NONTECTONIC TIDAL-MARSH 

DEPOSITS ALONG THE OREGON COAST

Alan R. Nelson
U.S. Geological Survey

MS 966, P.O. Box 25046
Denver, Colorado 80225-0046

EXTENDED ABSTRACT
Has subduction of the Juan de Fuca plate beneath 

the North America plate in the Pacific Northwest 
produced great (M>8) earthquakes during the late 
Holocene? Historic records of the past 200 years yield 
no evidence of great plate-boundary earthquakes in the 
Cascadia subduction zone (Heaton and Hartzell, 1987). 
But along the coasts of Washington (Atwater, 1987, 
1992; Atwater and Yamaguchi, 1991; Atwater et al., 
1991), Oregon (Grant, 1989; Darienzo and Peterson, 
1990; Peterson and Darienzo, 1991; Darienzo, 1991; 
Nelson and Personius, 1991; Nelson, 1992, in press; 
Fig. 1), and northern California (Vick, 1988; Clarke 
and Carver, 1992; Valentine, 1992), peaty, tidal- 
wetland soils are interbedded with mud in estuarine 
stratigraphic sequences (Figs. 2B and 3) and the 
submergence (relative rise of sea level) of at least two 
of these soils seems too widespread (>100 km), too 
large (>1 m), and too sudden (<10 yr) to be attributed 
to any process except coseismic subsidence. How 
large were the earthquakes that could have produced 
this coastal subsidence, and how often do they occur? 
Such questions are critical for earthquake-hazard 
assessment in the Pacific Northwest. In this abstract I 
reference many coastal process papers that bear directly 
on the answers to these questions but that are 
commonly overlooked.

Buried tidal-wetland soils in the Pacific 
Northwest may have been submerged by sudden 
coastal subsidence during three principle types of 
earthquakes. First, great earthquakes on one or more 
segments of the interface between the subducting and 
overriding plates may have produced a regional zone 
(hundreds of kilometers long) of coastal subsidence 
(Atwater, 1987; Nelson and Personius, 1991; Peterson 
and Darienzo, 1991). Tidal-wetland soils similar to 
those in southern Washington and northern Oregon 
were submerged and buried along hundreds of 
kilometers of coast following great subduction 
earthquakes in the 1960's in Alaska and Chile (Plafker, 
1972). Second, deformation on faults and folds in the 
overriding North America plate during great 
earthquakes on the plate interface may have produced

localized areas of coseismic coastal subsidence 
(Mclnelly and Kelsey, 1990; Kelsey, 1990; Goldfinger 
et al., 1992; Atwater, 1992; Clarke and Carver, 1992; 
Valentine, 1992). And third, some localized 
subsidence may have occurred during smaller 
earthquakes (M 6-7V) in the overriding plate that were 
independent of plate-interface events (Nelson and 
Personius, 1991), such as the 1931 Hawkes Bay 
earthquake in New Zealand (Berryman et al., 1989).

At least some buried tidal-wetland soils, 
however, may have been submerged by nontectonic 
processes. Peaty soils are commonly interbedded with 
mud in intertidal sequences of mid-latitude passive 
continental margins (e.g., Tooley, 1978; Streif, 1987; 
van de Plassche, 1991; Fletcher et al., 1991). Many 
such long-term studies in northwest Europe are much 
more extensive than any studies in the Pacific 
Northwest, and they are supported by thousands of C 
ages (e.g., Berendsen, 1984; Shennan, 1987).

The stratigraphy at many sites in northwest 
Europe indicates large ranges in local rates of sea-level 
rise (Shennan, 1986). Several nontectonic processes 
have been invoked to explain these inferred rate 
changes, including rapid changes in the rate of regional 
sea-level rise combined with changing sedimentation 
rates (Fig. 2Q, or changes in the configuration of bars 
and channels in tidal inlets that led to local changes in 
tidal range. Bars can be breached suddenly during 
floods or storms and migration of barrier bars at the 
mouths of major inlets may affect tide levels in large 
parts of an estuary. Oscillations in late Holocene sea 
level are the most often cited explanation for 
interbedded peat and mud sequences on many coasts 
(e.g., Rampino and Sanders, 1981; Fairbridge, 1987; 
van de Plassche, 1991; Fletcher et al., 1991). 
Although regional oscillations of sea level have been 
identified (e.g., Shennan, 1986; van de Plassche, 
1991), these oscillations are not necessarily 
synchronous from region to region (Kidson, 1982).

Other processes that may be involved in sea-level 
changes that produce peat-mud couplets on nontectonic 
coasts include (1) stormy periods with many storm
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FIGURE l.~Location map of the south-central Oregon coast In the inset figure the trace of the Cascadia thrust 
fault (barbed line, barbs point howndip), where the Juan de Fuca plate is being subducted beneath the North 
America plate, is placed at the bathymetric boundary between the continental slope and abyssal plain; 
double lines are spreading ridges, solid lines are strike-slip faults, and dashed lines are other faults.
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FIGURE 2.-Models of late Holocene sedimentation in tidal inlets in the Pacific Northwest The curves
illustrate how different but plausible histories of sea-level rise, coastal uplift, and sedimentation can produce 
different types of stratigraphid sequences in these inlets. See figure 3 for definition of lithologies and 
contacts. A) A sequence that'could only be produced in an inlet that had not experienced major (>0.5 m) 
sudden changes in relative sea level. B) Abrupt upper contacts on the peat units in this sequence indicate 
sudden submergence, possibly as the result of coseismic subsidence. C) Gradational contacts are produced 
by fluctuating regional sea level and rapidly changing sedimentation rates. The sequence in B could easily 
be confused with C, which could be produced without any sudden changes in relative sea level.
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FIGURE 3. Comparison of typical cores firom estuarine sequences at three sites along the southern and central 
Oregon coast. Age estimates for different levels in cores are based on 14C ages from these or nearby cores 
(Nelson, 1992, in press; Peterson and Darienzo, 1991). A) Core contains 9 abruptly buried peaty units- 
the abrupt contacts may be the result of sudden changes in tidal range caused by migration or breaching of 
bars, or by subsidence during local or regional earthquakes. B) The thick peat indicates no sudden changes 
in relative sea level during the,past 2000 years. Q The abrupt contacts at the top of peaty units have been 
interpreted (Peterson and Darienzo, 1991) as marking regional coseismic subsidence events of about 0.5-1 
m.
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surges (Streif, 1979), (2) changes in the shapes and 
gradients of estuarine systems due to river changes and 
rising Holocene sea level (van de Plassche, 1982), and 
(3) gradual aseismic regional tectonic warping 
(Newman et al., 1980; Shennan, 1989). An additional 
interpretive problem is that lithologic changes in the 
peat-mud sequences are not necessarily direct proxies 
of small sea-level changes (e.g., Stevenson et al., 
1986; Alien, 1990). Such lithologic changes do 
show, however, that marsh aggradation has not kept 
up with late Holocene sea-level rise on many 
nontectonic coasts (e.g., Keamey and Ward, 1986) and 
that, contrary to the argument of Atwater (1987), the 
absence of thick sequences of peat is not necessarily 
evidence for tectonic instability.

Submergence of tidal-wetland soils by coseismic 
subsidence can only be inferred where the abrupt upper 
transgressive contact of a widely mapped peaty soil 
represents a sudden, substantial change (>0.5 m) in 
water depth (Jennings and Nelson, 1992; Nelson, in 
press). The sharpness of transgressive or regressive 
contacts is particularly important in paleoseismic 
studies because subsidence or uplift during large 
earthquakes should produce abrupt contacts (e.g., 
Ovenshine and others, 1976; Atwater, 1987,1992; 
Darienzo and Peterson, 1990). Few published studies 
of tidal-wetland stratigraphy from passive continental 
margins discuss the thickness or character of 
transgressive and regressive contacts-most contacts are 
gradual transitions between different types of intertidal 
sediment Most of the local, regional, and global 
factors commonly invoked to explain intertidal facies 
changes involve processes that operate for decades to 
hundreds of years. These processes should cause 
gradual facies changes across contacts in protected 
estuarine settings (e.g., Behre, 1986, his fig. 3). 
Gradual contacts could also be produced by slow 
subsidence or uplift during interseismic accumulation 
of tectonic strain (Darienzo and Peterson, 1990). 
However, along convergent-plate margins, I know of 
no way to distinguish gradual contacts resulting from 
slow, technically induced changes in regional uplift 
from contacts produced by nontectonic factors on 
passive continental margins. Gradual contacts can 
only be attributed to tectonic processes at sites where 
rates of interseismic vertical movement are too high to 
be the result of processes that cause nontectonic sea- 
level fluctuations (e.g., Newman et al., 1987).

Sequences of intertidal sediment in tidal marshes 
show that the late Holocene history of submergence 
differs from north to south along the south-central 
Oregon coast (Nelson, in press; Fig. 1). Thick, 
uniform sequences of tidal-marsh peat are present in 
the marshes of the Siuslaw River estuary (Fig. 35); 
acclerator mass spectrometer 14C ages of samples from 
this peat indicate a gradual relative rise in sea level at

about 1.0-1.6 mm/yr during the past 2000-2500 years. 
Thick muddy peat from marshes in the Umpqua River 
estuary also suggest a gradual sea-level rise for most 
of the past few thousand years, but only three sites 
have been investigated in this area. Peat is much less 
common in the marsh stratigraphy of the Coos Bay 
estuary. Many sites have a buried peaty soil in the 
upper 1.5 m that was rapidly submerged in the past 
1500 years, but buried soils with peaty surface 
horizons at a few sites may also have developed 
following emergence during this period. The lower 
intertidal or subtidal mud that predominates in cores 
from eastern Coos Bay gives no clear record of sea- 
level change for most of the late Holocene. In 
contrast, multiple abrupt transgressive contacts 
characterize intertidal sequences in the South Slough 
arm of western Coos Bay (Fig. 3A). Some abrupt 
transgressive contacts may have formed following 
local or regional coseismic subsidence, but many soils 
also may have been buried as a result of localized 
nontectonic changes in tide levels. Very detailed 
stratigraphic, micropaleonotologic, and 14C dating 
studies will be required to distinguish coseismic from 
nontectonic burial processes at such sites.

This research is supported by the National 
Earthquake Hazards Reduction Program of the U.S. 
Geological Survey and by the U.S. Nuclear 
Regulatory Commission.
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Comparison of Paleoseismic Geology of Subduction Zone Earthquakes
in Alaska and Cascadia.

Gary A. Carver, Department of Geology, 
Humboldt State University, Arcata, California 95521

Late Holocene geology along the Cascadia and eastern Aleutian-Alaskan subduc- 
tion zones show many similarities which support the hypothesis that the Cascadia Sub­ 
duction zone generates great subduction earthquakes. Coastal stratigraphy and geomor- 
phology along both subduction zones include evidence of sudden changes in sea level 
which are interpreted to be coseismic, and gradual sea level changes attributed to inter- 
seismic deformation. In Alaska, coastal geology reflecting the 1964 earthquake pro­ 
vides a basis for comparison and calibration of the paleoseismic record.

Coastal stratigraphy in the fore-arc region that underwent coseismic subsidence in 
1964, including Cook Inlet, most of the Kodiak Archipelago, and the Shelikof Straits 
contains evidence of repeated episodes of sudden submergence in the late Holocene. 
Alternating peat and mud sequences in bay and estuarine environments provides the 
best archive for this record. Although Prince William Sound and the northeast coast of 
Kodiak Island experienced coseismic uplift in 1964, late Holocene coastal geology 
reflects net submergence. Coastal geology of the eastern end of the subduction zone, 
the Yakataga segment, which did not rupture in 1964, includes flights of raised late 
Holocene terraces and broad intertidal wave-cut platforms which reflect both coseismic 
uplift and net emergence.

The late Holocene stratigraphy of salt marshes and tidal wetlands along the 
Washington and Oregon coast is similar to the stratigraphy in the Cook Inlet and 
Kodiak-Shelikof Straits region of Alaska and includes repeated submerged sequences 
of intertidal mud overlying salt marsh peats and forested wetland soils. Late Holocene 
coastal geology along the southern part of the Cascadia zone resembles the eastern 
Prince William sound and Yakataga segments of the Aleutian-Alaskan subduction 
zone. In northern California the late Holocene coastal geology shows strong influences 
of the coseismic growth of folds and thrusts in the accretionary margin. Raised late 
Holocene terraces and broad intertidal wave-cut platforms characterize this part of the 
coast except in the cores of several large synclines where submerged sequences of 
marine mud and wetland peats indicate coseismic subsidence and net submergence.

23



Some features of large shallow earthquakes along subduction zones 

and the recent crustal activities in the Tokai (Japan) region

Kiyoo Mogi 

College of Industrial Technology, Nihon University

First, some features of large shallow earthquakes along 

subduction zones in the Pacific region are discussed. Data are 

mainly taken from Abe (1981).

Fig. 2 shows the space-time distributions of large shallow 

earthquakes of M 7.5 and larger in the northern part (A) and the 

southwestern part (B) of the circum-Pacific seismic belt which is 

shown in Fig. 1. Virtical axes indicate the distances measured from 

Vancouver and New Zealand along the seismic belts in (A) and (B), 

respectively. Horizontal axes indicate time. Alternation of active 

and quiet periods of these seismic belts is noticed, and changes in 

the seismic activity in the two regions complement each other.

The seismic belt in the northern Pacific region which is one of 

the most active subduction zone is discussed in more detail (Mogi, 

1984). The top figure of Fig. 3 shows the M-T graph of great 

shallow earthquakes of Mw 8 and larger in this seismic belt. The 

bottom figure shows the distribution of focal regions of these great 

earthquakes. The period between 1950 and 1970 was a very active 

period.

Fig. 4 is another expression of the space-time distribution of 

these large shallow earthquakes. The distribution of focal regions
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of these earthquakes along the seismic belt in 10-year intervals 

starting in 1920. It is very clear that the period between 1950 and 

1970 was an active period.

These earthquakes in this active period can be devided into 4 

groups that occurred near each other in time, as shown in Fig. 5. 

Fig. 6 shows the locations of earthquakes in these 4 groups. The 

numerals indicate the time of the occurrence of these earthquakes. 

It seems that each great earthquake led to the occurrence of another 

earthquake along the same plate boundary. This very long plate 

boundary from Alaska to northern Honshu was almost completely 

covered in a relatively short time. It may be probable that this 

caused a change in motive forve driving the plate motion. If there 

are such rhythmical changes in the plate motion, it might become 

possible to observe them using space technology in future (Mogi, 

1984).

According to previous studies, a large shallow earthquake is 

sometimes preceded by a seismic quiescence. Fig. 7 shows the case 

of the 1973 Nemuro-hanto-oki earthquake of M 7.4 (Mw 7.8) as a 

typical example (Mogi, 1990). The focal region was noticeably quiet 

during the 12.5 years prior to the large earthquake.

There has been a great deal of debate concerning the mechanism 

of the seismic quiescence that precedes a large shallow earthquake. 

Fig. 8 gives what could be an important hint regarding this problem. 

In this figure, large shallow earthquakes of M 7.0 and larger along 

the subduction zone in the west coast of Central and South America

(Mogi, 1986). The vertical axis is the distance measured from the
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southern end of South America along the seismic belt shown in the 

left figure. The horizontal axis is time. It is noticed that the 

1960 Chilean earthquake was preceded by 10 years of quiescence in a 

very large region extending 6,000km southward from Peru. Although 

the Chilean earthquake is the greatest earthquake this century, the 

length of the rupture zone is only 1,000km. This observed result 

suggests that the region where the 1960 Chilean earthquake occurred 

acted as a giant asperity, blocking the eastward movement of the 

oceanic plate. This result supports the explanation that seismic 

quiescence preceding an earthquake is due to the formation of a 

large asperities.

Fig. 9 shows the age of the ocean floor according to the Pitnam 

et.al.(1974). It can be seen that the seismic quiescent region 

before the Chilean earthquake forms a single block. This may 

support the above-mentioned explanation from the viewpoint of the 

asperity model.

The next topic is the recent crustal activities in the Tokai 

region. Along the Nankai-Suruga Trough, large low angle thrust type 

earthquakes have occurred repeatedly at regular intervals of 100 to 

150 years (Ando, 1975). These earthquakes are caused by the 

subduction of the Philippine Sea plate beneath the Eurasian plate. 

In both the 1707 and 1854 earthquakes, the rupture zones extended 

over the whole region from the Nankai Trough to the Suruga Trough. 

In this century, however, the 1944 Tonankai and 1946 Nankaido 

earthquakes occurred along the Nankai Trough, but the Tokai region

along the Suruga Trough remains unruptured (Ishibashi, 1976).
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Therefore the Tokai region may be a seismic gap of the first kind, 

and may have a high potential as the site of the next large 

earthquake. However, since there are no records of a large shallow 

earthquake having occurred independently in this region, we must 

consider that there are problems in making this simple inference.

In this paper some recent changes in seismin activity and 

crustal deformation are discussed. Sometimes, before a major 

earthquake occurs, the focal region of the coming earthquake becomes 

guiet and simultaneously, the wide-ranging area surrounding this 

region tends to become active.

Fig. 10 shows epicentral distribution of shallow earthquakes of 

M 4.2 and larger for successive two periods (1950-1972) and 

(1973-1992). Data are taken from JMA reports. There was some 

activity before 1972 along the Suruga Trough and the Nankai Trough, 

but no earthquakes have occurred recently. This quiescence is 

continuing.

On the other hand, many moderate and large earthquakes have 

occurred in the surrounding area in the recent years. Fig. 11 shows 

the epicentral distribution of M 5.5 and larger in the same 

successive periods. A number of recent large earthquakes have 

occurred in the area surrounding the focal region of the anticipated 

Tokai earthquake. The top figure of Fig. 12 shows the M-T graph of 

earthquakes of M 5.5 and larger in the region shown in the left 

figure (A), and the bottom figure shows the space-time distribution 

of these earthquakes. These figures also show that the seismic 

activity in the surrounding region has increased in recent years.
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Fig. 13 shows vertical movement of Omaezaki in relation to 

Kakegawa observed by leveling surveys by GSI (1991). Curve (A) is 

the original curve and Curve (B) is the corrected curve in which a 

seasonal variation was eliminated. The subsidence of the western 

coast of the Suruga Bay is steadily continuing. Fig. 14 is a 

summary of vertical movements of the western coast of the Suruga Bay 

including Omaezaki obtained by leveling surveys and tidal 

observations. It is noted that the rate of subsidence somewhat 

increased around 1974. Particularly, changes in the rate of 

subsidence and in seismicity pattern occurred simultaneously around 

1974 and the state is continuing. Future changes of seismic 

activity and the crustal deformation in this area demand close 

attension. (Very recently the rate of subsidence seems to be 

decreasing.)

The possibility of earthquake prediction depends on whether 

short-term precursory phenomena are observed before the earthquake. 

Since precursory phenomena normally have a marked regional 

character, the type of phenomena that preceded the Tokai earthquake 

of 1854 may be expected before the next one. Unfortunately, there 

are no reliable data available from 1854. However, the 1944 

Tonankai and the 1946 Nankaido earthquakes occurred adjacent to the 

Tokai region. They should provide valuable information. As shown 

in Fig.15, in both of these earthquakes, the trough side began to 

uplift a day or two before they occurred (Sato, 1977; Mogi, 

1984/1985). Fig. 16 shows that marked anomalies were also observed 

in the wells and hot springs along the coast before the Nankaido
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earthquake (Komukai, 1948). These changes began to occur one day - 

one week before the earthquake. If similar phenomena occur before 

the next Tokai earthquake, the changes may be sufficiently recorded 

by the present network.

Fig. 17 shows the distribution of observation stations for 

full-time monitoring of precursory phenomena of earthquakes in the 

Tokai region. As an example of results observed by this monitoring 

system, Fig.18 shows epicentral locations of shallow earthquakes in 

the recent three years in and around the Tokai region (JMA, 1992).
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Kagan and Jackson [K&J, 1991] recently published statistical tests of the seismic 
gap hypothesis, as presented by Kelleher, Sykes, and Oliver [KSO, 1973] and McCann, 
Nishenko, Sykes, and Krause [MNSK, 1979], stating that "the hypothesis of increased 
earthquake potential after a long quiet period can be rejected with a large confidence." 
Based on these test results, K&J concluded that the seismic gap hypothesis is invalid and 
propose a clustering model of earthquake occurrence as a replacement. If valid, this 
conclusion would have major implications for ongoing evaluations of seismic hazards, 
long-term earthquake prediction, and the physical basis for strain buildup and release in 
large earthquakes. In addition, this conclusion could dramatically change the rational 
for assigning priority to the study of certain faults and fault segments in populated areas 
as part of the U.S. National Earthquake Hazards Reduction Program and the 
International Decade of Natural Disaster Reduction. Given the societal and scientific 
importance of this issue, we feel that a closer examination and discussion of K&J's 
presentation is essential.

Upon examination we find that half of the earthquakes that K&J use to test the 
seismic gap hypothesis do not correspond to the selection criteria of MNSK. We 
conclude that K&J are evaluating a very different hypothesis than was originally 
presented by KSO and MNSK. In fact, K&J appear to be testing the hypothesis that the 
temporal duration of a gap can be used to anticipate any earthquake with M>7. In 
contrast, the forecasts in KSO and MNSK were for a specific set of earthquakes that 
fulfilled certain criteria as to mechanism, type of plate boundary, and range of 
magnitudes. Our examination of a revised catalog indicates that elapsed time alone is not 
a powerful criteria for characterizing seismic potential in a system characterized by an 
order of magnitude or larger variation in recurrence time. Given the relatively small 
number of eligible events that have occurred during the interval 1973-1992, the 
hypothesis test does not yet have the power to adequately discriminate between 
alternative models at a high level of confidence.

Seismic Gaps, Seismic Potential, and Long-Term Probabilistic 
Earthquake Forecasts - A Historic Perspective

Since its introduction in 1965 by Fedotov, the seismic gap hypothesis has evolved 
as knowledge about earthquake history, pre-historic earthquakes, and the earthquake 
process has increased. Since there often is a tendency to confuse current concepts and
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hypotheses with those of older studies, we review some of the salient points of the 
development of the seismic gap, seismic potential, and long-term probabilistic concepts.

The seismic gap hypothesis represents a simple application of the concept of a 
seismic cycle along a plate boundary - a period of steady-state loading and strain 
accumulation on a fault segment terminated by a sudden relaxation during an 
earthquake. As formulated in the 1960's and 70's, the seismic gap model is most closely 
aligned with Gilbert's [1909] idea of alternation - "when a large amount of stored 
energy has been discharged in the production of a great earthquake. ...it would seem 
...that the next event is more likely to occur at some other place" and not rhythmic 
recurrence as K&J have indicated in their introduction. Both Fedotov [1965] and Mogi 
[1969] mapped the rupture zones of earthquakes with surface wave magnitudes (Ms)
larger than 7.7 in the northwest Pacific using aftershocks, geodetic and tsunami data. 
They observed that aftershock zones of those events abutted and tended to fill in gaps 
where earthquakes of that type had not occurred for at least 30 to 100 years. Sykes 
[1971] showed how the theory of plate tectonics would favor seismic gaps as the most 
likely places for future large earthquakes along simple, well defined plate boundaries. 
He delineated three gaps with dimensions of greater than about 150 to 200 km for the 
Alaska-Aleutian subduction zone and the Fairweather transform fault. KSO built on 
these foundations and created a set of initial and supplemental criteria to define regions 
of special seismic potential. They recognized that certain seismic zones are probably 
permanently aseismic in terms of the occurrence of large earthquakes. Their initial 
criteria for the remaining areas, which they referred to as regions of special seismic 
potential, required that the segment in question be either a strike slip or thrust-type 
plate boundary that has not had a large or great earthquake in more than 30 years. The 
30 year threshold was based on the shortest recurrence times observed in the circum- 
Pacific region at that time. The supplemental criteria took into account information 
about the historic record, whether the zone was near the end of a recurrence interval, 
or whether the zone was next in an apparent progression of earthquake activity along 
the plate boundary. The supplemental criteria also recognized that in regions with no 
record of large earthquakes, relative plate motion could be accommodated by either 
aseismic slip or small to moderate sized earthquakes.

KSO explicitly state (p. 2550) that each of the previous papers that they cited "is 
restricted almost entirely to the largest class of earthquakes that occurred along the 
plate boundary under consideration." KSO used figures from some of those studies 
(e.g. Sykes [1971]) with attribution in their regional maps. They also noted regions 
where the largest known historic earthquakes were typically great (Ms > 7.7) events
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(e.g., Kuriles, Alaska, South America) and other regions where the largest events to 
occur were usually major (7.0 < MS < 7.7) earthquakes (e.g. Mexico and Central 
America). They used the term large earthquake to encompass both major and great 
earthquakes.

MNSK expanded upon the seismic potential concept by defining categories based 
on the amount of time elapsed (Teiapsed) since the last major or great event in any 
region, Teiapsed<30, 30<Telapsed<100, and Teiapsed^lOO years (green, orange, and red 
colors on their Fig. 1), as well as recognizing three other types of regions with more 
equivocal hazard states. Both the 30 and 100 year cutoffs were arbitrarily chosen since 
the uncertainty in knowledge of recurrence periods was large at that time (p. 1086). 
They also recognized (p. 1086-1089) that since repeat times were poorly known for 
many areas around the circum-Pacific, some areas with relatively short repeat times 
(i.e. orange zones) would likely be more active during a given period of time than areas 
with long repeat times (i.e. red zones), which could be inactive for many more years to 
come. Nishenko and McCann [1981], in fact, noted that more large to great earthquakes 
had occurred in orange than in red zones in the interval 1978 to 1981. Inspection of 
Table 1 and the Note added in Proof in MNSK shows that for the 12 events in the 
interval 1968 to 1980, there were four times as many earthquakes in orange as in red 
areas. Most of the red areas, in fact, had ruptured previously in very great earthquakes, 
those of surface wave magnitude MS, or moment magnitude Mw > 8.5, which we took 
then, as we do now, to be characterized by relatively long repeat times.

These observations and the publication of earthquake histories and more reliable 
repeat time estimates for areas in the circum-Pacific lead to the development in the 
1980's of forecast models that explicitly included both recurrence, Tave» and elapsed, 
Teiapsed, time information for individual fault segments, as well as estimates of 
magnitudes of events for those segments, information that we were well aware prior to 
1981 represented serious shortcomings of the gap concept. Hence, concepts about 
earthquake recurrence and time-varying probabilistic assessment [see Lindh, 1983; 
Sykes and Nishenko, 1984; Nishenko, 1985], whether the recurrence of these large 
earthquakes is rhythmic (Gilbert, 1909), strictly periodic or quasi-periodic, time- 
predictable or slip-predictable were only addressed and applied to the seismic gap 
hypothesis within the last decade, following the publication of MNSK and Nishenko and 
McCann [1981]. Of those concepts, few if any seismologists or Quaternary geologists 
who study active faults think large earthquakes at a given place are strictly periodic.
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The Seismic Gap Hypothesis

Clearly, if one wishes to test a particular realization or application of a 
hypothesis, it is necessary to adhere to the criteria developed at the time of publication 
of the hypothesis. The following sections we examine the hypothesis that is being 
tested by K&J, the data used for that test, and the inferences that can be drawn from 
those test results.

Elapsed Time Criteria
For the most part, K&J are testing the hypothesis that elapsed times of 30 and 100 

years are good discriminants for ranking seismic potential. In other words, does the 
temporal duration of a gap have any value in anticipating a future event in that region? 
K&J state (p. 21425) this hypothesis (Hi) in terms of probability, P, as

?Red > POrange > ?Green (eqn. 1)

Where red, orange, and green refer to the three categories of potential based on the 30 
and 100 year elapsed times (i.e., red:Teiapsed^lOO years, orange: 30<Teiapsed<100 
years, and green: Teiapsed<30 years). This hypothesis can also be written as

P(E I Teiapsed>100) > P(E I 30<Telapsed<100) > P(E I Teiapsed<30) (eqn. 2)

or the probability for an earthquake (E) is conditional on the amount of time elapsed, 
Teiapsed» since the last earthquake in a particular gap The null hypothesis (Ho) is that 
all 3 categories have the same likelihood or probability (i.e., PRed==POrange=PGreen).

Earthquakes Chosen For Analysis
In addition to the elapsed-time component discussed above, the seismic gap 

hypothesis of MNSK specifically addresses the types of earthquakes to be considered (p. 
1086-87). These criteria identify shallow(<40 km), large (M>7) earthquakes along 
simple plate boundaries (convergent or transform). The catalog of 56 events of MS or 
Mw £ 7.0 from January 1973 to April 1988 that K&J have presented for testing (their 
Table 1) contains a number of events that were explicitly excluded by MNSK in their 
list of 12 assumptions and limitations. Data selection based on hypocentral or focal 
mechanism information does not negate the the worth of the seismic gap hypothesis, as 
K&J have stated (p. 21422), but rather serves to identify exactly what earthquakes 
should be included in the hypothesis test. Neither KSO or MNSK proposed a generic 
model for earthquake occurrence. By appealing to objectivity, K&J have allowed all
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earthquakes with M>7 to be considered in their hypothesis test. This has significantly 
changed the hypothesis to be tested from one that addresses a specific set of interplate 
earthquakes to one that addresses all earthquakes above a certain magnitude threshold, 
regardless of location and mechanism.

Location Criteria
In the name of objectivity, K&J have also introduced a considerable amount of 

noise into their test by using only the largest-scale (about 1:70,000,000) summary map 
in MNSK without verifying their assessments of location and seismic potential using the 
numerous regional maps in MNSK. This noise only affects K&J's portrayal or 
application of the gap hypothesis, and not the actual hypothesis itself. K&J attempt to 
use that map and two similar ones by KSO to locate earthquake rupture zones for events 
as small as magnitude 7.0 with respect to the designated classes of seismic potential as 
defined by KSO and MNSK. The length along strike of the rupture zone of an 
earthquake of MS or Mw 7.0 is about 40 km. Locating it on the colored map of MNSK
with an accuracy of half that dimension, 20 km, or better requires making 
measurements on the colored map to 0.3 mm or better.

KSO [1973] recognized the dangers in interpreting these maps literally and 
warned their readers not to use the least detailed (large scale) maps (their Figs. 1 and 2) 
in their paper for more than an overview, but rather to use the appropriate detailed 
figures in the paper for each region. This warning was ignored by K&J. For example 
K&J incorrectly assess the 1979 Colombia (Mw 8.2) earthquake as being half in an 
orange and half in a green area. Had they consulted the more detailed maps of South 
America in KSO and MNSK, it would have been evident that the 1979 great earthquake, 
in fact, fell in the remaining portion of the rupture zone of the 1906 Colombia-Ecuador 
Mw 8.8 earthquake that had not reruptured in the 1942 (Ms 7.9) and 1958 (Ms 7.8) 
shocks. Aftershocks of the 1979 shock nearly filled that remaining gap, and rupture in 
1979 progressed from its epicenter at the southwestern end of the gap to the northeast 
[Kanamori and McNally, 1982]. Kanamori and McNally [1982] also modelled the 
Rayleigh wave spectra to obtain the rupture dimension along strike for the 1979 
earthquake; Beck and Ruff [1984] modeled seismic moment release, and Herd et al, 
[1981] describe uplift along the coast.

The selection criteria specified that intraplate events were to be excluded from 
consideration. Yet K&J included events which involved strike-slip motion along the 
north side of the Aleutian arc (#9), well to the north of the plate boundary, and 
intraplate reverse faulting near the axis of the Peru-Chile trench (#28), well to the west
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of the plate boundary. Several of the smaller events in their table involved a 
predominance of either high-angle reverse faulting or strike-slip faulting in zones that 
had previously ruptured in much larger interplate thrust events. The most glaring 
error is the assignment of a potential category to the major Costa Rican earthquake of 
April 22,1991 (Table 4 of K&J), which did not occur along the Cocos-Caribbean plate 
boundary, but on a different tectonic feature, the North Panama fold and thrust belt, a 
region never discussed by either KSO or MNSK. As a further example of the 
oversimplified use of these large scale maps, the Taiwan and New Britain regions were 
portrayed with a two-color code (red and orange) to schematically indicate that the 
region is extremely active for large shocks with repeat times of generally less than 30 
years (MNSK p. 1137). Yet K&J disregarded this description and have literally 
included each bar in these schematically coded areas in their indexing and hypothesis 
testing.

Magnitude Criteria
K&J state that the seismic gap concept is often interpreted to apply only to "plate 

boundary rupturing" or "gap-filling" events, which may be larger in some zones than in 
others. They go on to state that neither KSO nor MNSK define clearly what would 
qualify as such an event for each plate boundary segment. K&J, however, then test the 
end member concept that is farthest in its definition from being a gap-filling 
earthquake, i.e. the occurrence of any event of MS > 7.0 in one of the three zones of
seismic potential defined by MNSK (i.e., those zones colored red, orange, and green). 
K&J are correct that KSO and MNSK did not explicitly state what size or magnitude 
event would constitute a success or failure of the hypothesis for each zone. However, 
KSO and MNSK were well aware, and stated (KSO, p. 2547; MNSK, p.1094 ) that the 
maximum size of plate-rupturing events differs considerably both along and among 
active plate boundaries. They and previous workers on seismic gaps noted that for 
some plate boundaries the largest ruptures in the past have been truly great earthquakes, 
(i.e., Mw > 9) while other plate boundaries have experienced only events in the 7 < 
Mw < 8 range. The choice of M 7 as a threshold in 1979 was motivated, in part, by the 
recognition that the error in mapping aftershock zones was comparable in size to the 
rupture zone of an event near magnitude 7.

A careful reading on MNSK indicates that they did convey a qualitative sense of 
what size event would constitute a success or failure of their assignments of seismic 
potential. For example, in their Figure 8 MNSK regarded the 1971 Chilean earthquake 
of MW 7.8 as filling the northern third of the gap which last ruptured in the great (Mw 
8.5) Chilean shock of 1906. They designated the remainder of the 1906 Chilean
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rupture zone as a region of the next to highest potential (orange color) and the 1971 
rupture zone as having a low potential (green color). Both KSO and MNSK regarded 
the 1942 (Ms 7.9) and 1958 (Ms 7.8) shocks as partially filling (about 40%) of the 
rupture zone of the great (M\v 8.8) Colombia-Ecuador earthquake of 1906. Likewise, 
they also designated the remainder of the 1906 zone as having a high potential (orange). 
That remaining segment ruptured in 1979, several months after the publication of 
MNSK, in an event of MS 7.7. Thus, a fairly typical pattern of several fault segments 
along an active plate boundary breaking in a single great event followed a cycle later by 
those segments rupturing in individual large to great earthquakes was clearly 
recognized by KSO and MNSK. Hence, they regarded an earthquake as either gap 
filling or partially gap filling if its rupture length was approximately 25% or more of 
the length of the rupture zone of the previous great event and if it was large enough to 
break the entire downdip width of the plate interface that is capable of rupturing 
seismically.

MNSK also state in their criteria that "large shocks are assumed to rupture the 
plate boundary from 0 to 40 km in depth" (P. 1087, #8), and that a "common 
assumption often made in in analysis of seismic gaps is that large shocks rupture the 
entire plate boundary in depth" (p. 1085). Scholz [1990], Pacheco et al.[1992], and 
Pacheco and Sykes [1992] classified earthquakes as being either large or small by 
whether or not they rupture the entire downdip width of the seismogenic zone (that area 
of major faults that is capable of nucleating earthquakes). As illustrated in Fig. 1, small 
earthquakes have no bounds in length along strike, L, or downdip width, W. Large 
earthquakes have no limits in L but their downdip width is bounded by the extent of 
brittle material, that is, from the earth's surface to the onset of ductile deformation at 
depth. Pacheco and Sykes [1992] assembled a new catalogue of worldwide shallow 
(depth < 70 km) earthquakes of MS £ 7.0. They and Pacheco et al. [1992] examined the 
slope (b value) of the frequency-magnitude relationship for sub-sets of that catalogue. 
They concluded that the b value changes from about 1.0 to 1.5 for interplate thrust 
events at subduction zones at Ms 7.5 and in a similar way for earthquakes along 
transform faults at a much smaller magnitude, MS 5.9. They propose that the change in 
slope marks the transition from small to large earthquakes. The transition occurs at a 
larger magnitude for shallow thrust events at subduction zones since W is much greater 
there (50 to 200 km) than it is for nearly vertical transform faults where W is about 10 
km. Most of the events examined by K&J (their Table 1) occurred in the vicinity of 
subduction zones. Thus, the transition from small to large rupture should occur for 
most of their events near MS 7.5.
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Revised Hypothesis Test

Application of the selection criteria of MNSK to Table 1 of K&J significantly 
reduces the number of events (to 52% of the original catalog for the period 1973 to 
1988, and to 45% of the original catalog for the period 1979 to 1988) we consider 
eligible for testing the seismic gap hypothesis as originally stated in 1979 . Our revised 
catalog is presented in Table 1. The ineligible events (and the reasons for our rejection) 
are listed in Table 2. Even then, roughly half of the remaining earthquakes in Table 1 
are events with magnitudes Ms<7.5. It is likely that most, and perhaps all, of the events 
smaller than MS 7.5 did not break the entire downdip width of the plate interface, a 
fundamental assumption about events that KSO and MNSK considered to be gap-filling 
or partly-gap filling earthquakes. Thus, K&J's analysis is biased towards small 
earthquakes whereas most papers on seismic gaps and zones of seismic potential have 
focused on larger events. Accordingly, we have subdivided Table 1 into events with MS 
<7.5 and MS £7.5. Of course, the delineation of a change in b value and the naming 
of events in this way as either small or large postdates the publication of KSO and 
MNSK. Nevertheless, we believe that the context of those two papers is clearly that of 
events that rupture the entire downdip width of the seismogenic zone and not that of 
smaller events that do not.

K&J test the differences between all earthquakes of Ms£7 in the Red and Green 
and the Red and Orange categories of earthquake potential (i.e., PRed > PGreen and PRed 
> PoangeX ^d assert that seismic activity in the Green and Orange zones is 
indistinguishable (i.e., Pdange = PGreen)- Using the revised catalog in Table 1, we first 
test those eligible earthquakes with Ms^7.5. In Table 1.1 there are 1 Red, 8 Orange, 
and 6 Green earthquakes for the interval 1973 to 1988. For the shorter time interval, 
1979 to 1988, there are no Red events, 4 Orange, and 3 Green earthquakes. This latter 
score differs from the K&J score of 1 Red, 2.5 Orange, and 5.5 Green earthquakes for 
this same time interval (1979-1988) and illustrates the effects of the selection criteria 
previously discussed. Inspection of Table I.I indicates that during the last 16 years 
there have clearly been more Orange than Red earthquakes, confirming the initial 
observation that was made over a decade ago by Nishenko and McCann [1981]. For 
both time intervals, 1973-1988 and 1979-1988, we find that there are similar numbers 
of Orange and Green earthquakes. Hence, for earthquakes with MS £7.5, the 
difference between the Orange and Green or Red -I- Orange and Green categories is not 
significant enough to warrant rejection of the null hypothesis (Porange=PGreen).
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Examination of earthquakes between MS 7.0 and 7.5 (Table 1H) during the same 
intervals 1973-1988 and 1979-1988, indicates that there were no Red, 6 Orange, and 9 
Green; and no Red, 6 Orange, and 5 Green events, respectively. Again, there is no 
significant difference between the Orange and Green categories. Not surprisingly, 
combining Tables 1.1 and l.n for all eligible earthquakes of M$£ 7.0 yields the same 
conclusion.

Both K&J and the preceding discussion have tested specific applications of the gap 
concept by KSO and MNSK and shown that there is no significant difference between 
the Orange and Green categories of seismic potential as defined in 1979. In many cases, 
information for specific plate-boundary segments is sparse; hence uncertainties in those 
estimates are also large and should be subject to modification as more information 
becomes available. Inspection of Table 1 in K&J indicates that some of the "failures" of 
the gap hypothesis (as stated in 1979) occurred in areas with relatively poorly defined 
segmentation and rupture histories. For example, events in 1977 (Ms 7.6, not listed in 
K&J), 1979 (#19) and 1984 (#36) all occurred in the vicinity of the 1966 MS 7.7 
Solomon Islands earthquake.. While this entire region had been colored green by 
MNSK, analysis by Wesnousky et al. (1986) indicates that these subsequent events 
ruptured adjacent, non-overlapping segments of the plate boundary which had probably 
not ruptured in large or great earthquakes since the 1920's and 30's (Nishenko, 1991). 
Similarly, the 1980 MS 7.7 Santa Cruz Islands (#23) earthquake was judged by Tajima
et al. (1990) to represent the rupture of an asperity that acted as a barrier to the 1966 
MS 7.9 earthquake, even though the 1-day aftershock zone suggests rupture propagation
into the 1966 zone. These examples represent improvements in the resolution and 
definition of earthquake rupture zones in this region. Application of the same 
methodology in light of these post-MNSK studies would result in different scores for 
the same MS ^7.5 earthquakes in Table I.I (i.e., 11 Orange and 3 Green events during
the interval 1973-1988). These revised scores would be significant to reject the null 
hypothesis at the 0.02 significance level. The above example illustrates the dramatic 
effect that just 4 earthquakes have on the test results. Given the small number of 
earthquakes that have occurred in the 16 year interval 1973 to 1988, the hypothesis test 
does not yet have enough power to distinguish between alternative models.

Conclusions and Discussion

Both K&J and this study have examined the seismic gap hypothesis, as proposed 
by KSO and MNSK, and have come to significantly different conclusions. The
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conceptual differences between our two studies is summarized by the magnitude-time 
matrix shown in Figure 2. KSO, MNSK and K&J have examined the utility of using 
elapsed time, Telapsed. as the sole criteria for characterizing seismic potential. By 
virtue of the magnitude threshold and data selected to evaluate the gap hypothesis, K&J 
have altered the hypothesis from one that applies this criteria to a specific group of 
earthquakes to one that includes any event equal to or larger than MS 7. In contrast, 
KSO and MNSK addressed the largest events that were associated with a particular 
simple plate boundary. These two hypotheses occupy different positions in Figure 2. 
K&J contend that the rejection of their version of the gap hypothesis implies that a 
clustering model of earthquake occurrence is a better model than one based on quasi- 
periodic earthquake recurrence. The elapsed time component of the seismic gap 
hypothesis, however, does not explicitly include any statement about recurrence time, 
Tave» which occupies a different column in Figure 2. Hence, we fail to see how 
rejection of one element by K&J supports their conclusion about another element in 
Figure 2. Our examination of the revised seismicity catalog indicates that elapsed time 
alone is not a powerful criteria for characterizing seismic potential in a system 
characterized by an order of magnitude or larger variation in recurrence time.

The seismic gap and seismic potential hypotheses, put forth in 1973 and 1979, 
were intended to be working hypotheses that would be tested, modified, or discarded if 
necessary. Following the publication of MNSK and Nishenko and McCann (1981), we 
have gone on to include, what we believe, are refinements that improve long-term 
forecasts, by including information about the rates of plate motion, average repeat time, 
and estimates of earthquake size in a probabilistic manner for specific segments of 
relatively simple, major plate boundaries. While the criticisms of K&J focus upon 
papers published 13 and 19 years ago, it is clear from their article that they have 
fundamental disagreements with work published since then by Lindh [1983], Sykes and 
Nishenko [1984], Nishenko and Jacob [1990] and the Working Group on California 
Earthquake Probabilities [1988, 1990] that utilize information on repeat times of large 
characteristic earthquakes for segments of very active faults to calculate probabilities of 
rupture during the next one to a few decades. These more recent forecasts belong to a 
different matrix element in Figure 2, and the results from the tests discused here have 
little bearing on these other elements. An evaluation of the methodology used in these 
more recent models will be published in the near future (Nishenko and Perkins, 
manuscript in preparation, 1992).

In hindsight, some of the "failures" of the seismic gap hypothesis could have been 
avoided given better definition of earthquake rupture zones (e.g. the 1966, 1977, 1979,
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and 1984 Solomon Islands events) at the time the potential estimates were formulated 
and published. In other areas, clear examples of failures do exist. These include cases 
where the repeat time was less than 30 years (the 1986 MW 8.0 Central Aleutians event 
[#50] occurred in the vicinity of the epicenter of the great 1957 MW 8.6 earthquake, as 
did the 1975 MW 7.6 Southern Chile event (#10) which occurred near the epicenter of 
the giant MW 9.5 1960 earthquake), and zones with complex modes of rupture, 
whereby shallow portions of the plate interface have ruptured independently of deeper 
portions (e.g., 1978 MW 7.5 Kurile [#13] event ruptured the area updip of the 1958 
MW 8.4 earthquake, and perhaps the 1985 MW 7.5 Michoacan aftershock [#45] which 
ruptured updip of the 1979 MW 7.5 Petatlan event [UNAM, 1986]).

Both K&J and this comment have demonstrated the necessity for the clear 
definition of the seismic gap (or any) hypothesis to avoid later misinterpretation and 
misunderstanding. Definitions of what constitutes an earthquake prediction require a 
specification of magnitude, location, and time interval (e.g., Wallace et al., 1984). 
Explicit definitions of expected location or plate boundary segmentation, expected 
recurrence time, magnitude, and mechanism (and their associated uncertainties) also 
need to be established for probabilistic earthquake forecasts. In other words, future 
forecasts need to anticipate the type of statistical testing that K&J have attempted with 
the KSO and MNSK models. Recent forecasts by the Working Group on California 
Earthquake Probabilities [1988,1990] and Nishenko and Jacob (1991) for the Queen 
Charlotte-Alaska-Aleutian seismic zone fulfill many of these requirements.

Both the Working Group (1990) and Savage (1991) constructed hypothesis tests 
of the forecast estimates for the 1989 Loma Prieta, California earthquake using 
previously published recurrence time estimates and their uncertainties. For forecasts 
involving many seismic zones, such as the entire circum-Pacific region, some 
specification of the time period the forecast addresses should be included with the 
individual forecast parameters. This verification interval may or may not be coincident 
with the exposure windows commonly stated for conditional probability estimates (e.g. 
a 0.67 probability in the next 30 years) K&J used 16 years of data to test the gap 
hypothesis and admit that the sample sizes were too small in the critical cases to reach 
any significant conclusions. Both KSO and MNSK recognized that long time intervals, 
on the order of decades, would be needed to properly test the seismic gap hypothesis. 
During the time interval under discussion, there have been no events with MW > 8.2 in 
the areas under consideration. In fact, the last 20 years have been one of relatively low 
overall seismic moment release (see Figure 3). None of the interplate events that have 
occurred are even remotely comparable in size to the truly great events of 1952, 1957,
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1960,1964, and 1965. The record of generally higher moment release during the last 
90 years indicates, however, that the period of low moment release during the last 20 
years is unlikely to continue in the decades ahead. We expect that truly great 
earthquakes will occur again and that the sites of past events of that type that have not 
ruptured in that way for more than a century are likely locations for these future 
events.

While there has always been an awareness of "clustering" associated with the 
occurrence of major and great earthquakes, the gap hypothesis intentionally focused on 
other aspects of earthquake occurrence along simple plate boundaries. In many cases, 
large shocks following great earthquakes represent new breakage in areas adjacent to, 
but different from, the zones that broke in the preceding mainshock. In some cases, 
closely spaced events in space and time represent progressions of activity along plate 
boundaries . Clear examples include the 1957,1964, and 1965 sequence along the 
Alaska- Aleutian plate boundary, where 2400 km of plate boundary broke within 9 
years, a small fraction of the time between similar sized events along any particular 
segment. Likewise, several segments of the North Anatolian fault ruptured in a 
relatively short amount of time, 1939-1943 [Richter, 1958]. Fedotov [1965], Mogi 
[1969], Vames [1989], and Sykes and Jaume [1990] report increases in seismicity in 
advance of a number of large and great earthquakes. Ultimately, a physical model that 
takes into account contributions from both large and small, interplate and intraplate 
seismicity throughout the entire seismic cycle along plate boundaries is necessary to 
better describe seismic hazards along simple plate boundaries.
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FIGURE CAPTIONS

Figure 1. Two types of earthquakes; small and large. L is rupture length, along strike 
of the fault, W, is the down-dip width of rupture The transition between small 
and large earthquakes occurs at MS 5.9 for transform faults and MS 7.5 for 
subduction zones [from Pacheco, Scholz, and Sykes, 1992].

Figure 2 Magnitude-Time matrix. K&J - Kagan and Jackson [1991]; KSO - 
Kelleher, Sykes, and Oliver [1973]; MNSK - McCann, Nishenko, Sykes, and 
Krause [1979]; N&J - Nishenko and Jacob [1991]; WGCEP - Working Group on 
California Earthquake Probabilities [1988, 1990]

Figure 3. Logarithm of seismic moment (Mo) in N-m as a function of time on a 
global basis from 1900 to 1989. The curve was smoothed with a three year 
running average. Note that the period 1973-1989 is one of relatively low overall 
seismic moment release in the circum-Pacific region [after Pacheco and Sykes, 
1992]
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TABLE 1
ELIGIBLE EARTHQUAKES
L Earthquakes with MS > 7.5

K&J#

1
3
6
10
*

13
14
16
18
20
23
36
40
44
50

DATE

1/30/73
6/17/73
10/3/74
5/10/75
4/21/77
3/24/78
6/12/78
11/29/78
3/14/79
12/12/79
7/17/80
2/7/84
3/3/85
9/19/85
5/7/86

MS
1
7.5
7.7
7.6
7.7

7.6
7.7
7.7
7.6
7.7
7.9
7.5
7.8
8.1
7.7

Mw2

7.6
7.8
7.9-8.0
7.6
7.5
7.5
7.6
7.5-7.7
7.5
8.1-8.2
7.7-7.8
7.5-7.6
7.6-8.0
7.9-8.1
7.9-8.0

K&J3

(R)
(G)
(R)
(G)

(G)
(R)
(G/R)
G/R,G
R,G/O
-,G
-,G
R,O
R,O
G,G

N<§

[0]
[0]
[R]
[G]
[G]
[G]
[0]
[0]
o
o
G
G
O
O
G

67



TABLE 1 (con't) 
ELIGIBLE EARTHQUAKES 
II. Earthquakes with 7.0 £ MS < 7.5

K&J# DATE MS1 Mw2 K&J3
2
5
11
15
17
19
21
25
29
30
32
33
34
35
43

2/28/73
8/18/74
1/21/76 1
8/23/78
2/28/79
10/23/79
2/23/80
1/30/81
10/25/81
12/26/81
6/7/82
8/5/82
4/3/83
10/4/83
7/3/85

7.2
7.1
7.0
7.0
7.1
7.1
7.0
7.0
7.3
7.1
7.0
7.1
7.3
7.3
7.2

7.0
...
7.0
...
7.3-7.5
...
...
7.0
7.2-7.3
7.0
...
...
7.4
7.6
7.2

(G)
(G)
(G)
(G)
R,-
-,G
G,G
G,G
R,O
-,G
G,G
-,G
G,O
G,O
-,o

[G]
[G]
[G]
G
0
0
G
G
O
G
O
G
0
O
G
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NOTES:
1. MS values from K&J, Table 1.
2. MW values computed from seismic moments in Pacheco and Sykes [1992]. No entry 
indicates that either the revised MS or MW value is below 7.0.
3. Seismic potential assignments by K&J. Pre-1979 potential assignments attributed to 
KSO are either high (R) or low (G) and shown in parentheses. Post-1979 evaluations 
are attributed to both KSO (if available) and MNSK, respectively. The three stage 
classification of MNSK is based on the time elapsed, Teiapsed» since the last large 
earthquake - R (Teiapsed^lOO years), O (30<Teiapsed<100 years), and G (Teiapsed <30 
years).
4. Seismic potential assignments by this study using only the 3 stage classification of 
MNSK. Pre-1979 evaluations indicated by brackets. All seismic potential evaluations 
were updated as of the time of the earthquakes listed above.

ADDITIONAL NOTES: 
* Not listed in K&J, Table 1 
t. Unknown focal mechanism
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TABLE 2
INELIGIBLE EARTHQUAKES
Earthquakes not suitable for hypothesis testing according to selection criteria of 
McCann et al. [1979]

K&J#
4
7
8
9
12
22
24
26
27
28
31
37
38
39
41
42
45
46
47
48
49
51
52
53
54
55
56

DATE
6/24/73
10/8/74
11/9/74
2/2/75
3/23/78
7/8/80
10/25/80
7/6/81
7/15/81
10/16/81
1/11/82
3/24/84
11/17/84
12/28/84
4/9/85
5/10/85
9/21/85
11/28/85
11/28/85
12/21/85
4/30/86
11/14/86
2/8/87
3/5/87
10/16/87
2/24/88
4/12/88

MS1

7.1
7.5
7.2
7.6
7.5
7.5
7.2
7.0
7.0
7.2
7.1
7.0
7.2
7.0
7.2
7.1
7.6
7.0
7.1
7.3
7.0
7.8
7.4
7.3
7.4
7.0
7.0

Mw2

7.3
6.9
7.0
7.1
7.5
7.5
7.5
7.5
7.1
7.1
7.1
7.1
7.1
6.7
7.1-7.2
7.2
7.3-7.7
6.9
7.0
7.1
6.9
7.3
7.1-7.3
7.5
7.3
7.2
7.1

NOTES
1
2
1
2
1
1
3
2
2
2
3
3
3
2
1
2
1
2
2
2
1
4
2
5
3
3
3
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1. MS values from K&J, Table 1.
2. MW values computed from seismic moments in Pacheco and Sykes [1992],

REASONS FOR REJECTION:
1. Foreshock or aftershock
2. Intraplate, strike slip, or normal faulting mechanism
3. High-angle reverse faulting
4. Multibranched zone of deformation
5. Occurred in zone with incomplete historic record
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Recurrence History of Great Subduction Zone Earthquakes
along the Sagami and Suruga-Nankai Troughs, Japan,

and its Tectonic Implication

Katsuhiko ISHEBASHI

International Institute of Seismology and Earthquake Engineering 
1 Tatehara, Tsukuba, 305 Japan

Abstract:  The Sagami and Suruga-Nankai troughs south off central and 
southwest Japan are the northernmost subduction boundary of the Philippine Sea plate. I 
summarize the recurrence history of great subduction zone earthquakes along these 
troughs based on the latest studies and discuss significant tectonic factors affecting it.

I conclude that along the northwestern part of the Sagami trough the recurrence 
pattern is simple in that great Kanto earthquakes repeat every 200 - 300 years releasing 
almost all crustal strains accumulated by the relative plate motion with the rate of 3 - 4 
cm/y (i.e., seismic coupling ~ 100 %). The latest and the second latest events occurred in 
1923 and 1703. The 1293 and the 878 disastrous earthquakes are strongly suspected to 
be older examples. Furthermore, we cannot deny the possibility that unknown Kanto 
earthquakes took place in the 15th and 11th centuries.

The southeastern part of the Sagami trough may be aseismic due to the nearness 
to the triple junction and a presumable plate mechanical boundary developed near the east 
coast of the Kanto district. The 1605 earthquake is doubtful and the 1953 earthquake was 
not a subduction zone event but a tear faulting within the subducted Pacific slab.

The space-time distribution of great Tokai and Nankai earthquakes along the 
Suruga-Nankai trough has turned out more regular than before by the progress of 
historical seismology. The regularity suggests that here also the recurrence pattern is 
basically as simple as that along the Sagami trough. However, I infer that the Suruga- 
Nankai trough is not a simple subduction boundary because of the eastward movement of 
southwest Japan as a part of microplate and that the relative plate motion is 
accommodated partly by inland active faults together with the trough. In particular, the 
Median Tectonic Line, an interarc transcurrent fault, seems important. An irregularity in 
the recurrence of the Tokai and Nankai earthquakes demonstrated by the 1605 great 
tsunami earthquake was probably caused by the 1586 inland great earthquake and the 
1596 rupture of the Median Tectonic Line.
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Subduction Earthquakes. The shallow dip and near-shore location of the potentially 
seismogenic plate interface of the Cascadia subduction zone make it geometrically analogous to 
the Sagami trough near Tokyo, the Nankai and Hyuganada troughs in southwest Japan, and sub­ 
duction zones in North, Central and South America. The magnitude 8 Michoacan, Mexico and 
Valparaiso, Chile earthquakes in 1985 provided strong motion recordings close to large subduction 
earthquakes that are very relevant to the prediction of strong ground motion in the Cascadia sub­ 
duction zone. These recordings were used to refine empirical strong motion attenuation relations, 
and to test seismologically-based ground motion models that were subsequently applied to the 
Cascadia subduction zone. The various ground motion prediction models are in reasonable 
agreement, suggesting that there is a fairly good basis for predicting strong ground motions from 
large subduction earthquakes, at least on rock and for frequencies above about 1 Hz. However, the 
ground motions from the recent Petrolia, California earthquake of April 25, which appears to be a 
subduction earthquake (the first known Cascadia subduction earthquake in historical time) are larger 
than those predicted by most attenuation relations. The ground motions from subduction earthquakes 
are expected to be somewhat larger than those for crustal earthquakes of the same magnitude and 
distance. Additional uncertainties in the prediction of strong ground motions on rock sites in the 
Puget Sound and Portland regions are due to uncertainties in the location and downdip extend of 
the seismogenic pan of the plate interface, and in the distribution of slip as a function of depth on 
the plate interface.

Wadati-Benioff Earthquakes. The largest strong motion recordings in the Puget Sound 
region are from the magnitude 6 3/4 1949 and 1965 Olympia and Seattle earthquakes which both 
occurred in the Wadari-Benioff zone. These recordings have been used to check empirical strong 
motion attenuation relations and to test seismologically-based ground motion models. The 
recordings appear to have been strongly influenced by site response, and have larger motions at 
periods longer than 1 second than predicted by most models. The motions are expected to be 
significantly stronger than those for crustal earthquakes of the same magnitude and closest distance. 
The ground motions from magnitude 8 subduction earthquakes are expected to be about twice as 
large as those recorded during these two events at periods shorter than 1 second, and more than 
twice as large at longer periods.

Site Response. In recent years, information on the shallow velocity structure in the Portland 
and Puget Sound regions has been gathered for use in estimating site response, and recordings from 
explosions and earthquakes have been used to empirically estimate site amplification factors. These 
shallow velocity models and recorded data are probably relevant for estimating site response at high 
frequencies. Modeling studies have been done that take into account the focussing effects of 
topography on the contact between bedrock and sediments in the Puget Trough from motions arriving 
almost vertically from below. However, these studies have not considered the possible effects of 
trapping of waves in basin structures.
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pastn Response. Both the Puget Sound and Portland regions are potentially subject to the 
effects of trapping of waves in basin structures. The Puget Trough has unconsolidated sediments 
as thick as 1,000 meters, and the Tualarin and Ponland Basins have sedimentary rocks overlying 
the Columbia basalt at depths as much as 300 meters. The large velocity contrasts in these structures 
may be very effective in trapping seismic energy at periods of about one second and longer. These 
effects are expected to be important both for subduction earthquakes and for crustal earthquakes in 
which the motions enter the basins through their margins. For crustal earthquakes, there is evidence 
of basin response in the intensity pattern observed in the Puget Sound region from the 1981 Elk 
Lake earthquake. Subduction earthquakes have large spectral amplitudes at long periods, and the 
potential amplification of these large long period motions by basin response has important impli­ 
cations for the safety of structures such as bridges and highrise buildings. These effects are not 
included in conventional site response analyses using 1-D velocity models, because waves arriving 
from below cannot become trapped in such structures. Modeling of strong motion recordings from 
the 1971 San Fernando, 1987 Whittier Narrows, and 1989 Loma Prieta earthquakes using 2-D and 
3-D velocity models indicates the importance of considering the role of laterally varying structure 
in amplifying strong ground motions.



Abrupt Uplift Within the Past 1700 Years at 
Southern Puget Sound, Washington

Robert C. Bucknam, Eileen Hemphill-Haley, Estella B. Leopold
Shorelines rose as much as 7 meters along southern Puget Sound and Hood Canal 
between 500 and 1700 years ago. Evidence for this uplift consists of elevated wave-cut 
shore platforms near Seattle and emerged, peat-covered tidal flats as much as 60 kilo­ 
meters to the southwest. The uplift was too rapid for waves to leave intermediate shorelines 
on even the best preserved platform. The tidal flats also emerged abruptly; they changed 
into freshwater swamps and meadows without first becoming tidal marshes. Where uplift 
was greatest, it adjoined an inferred fault that crosses Puget Sound at Seattle and it 
probably accompanied reverse slip on that fault 1000 to 1100 years ago. The uplift and 
probable fault slip show that the crust of the North America plate contains potential sources 
of damaging earthquakes in the Puget Sound region.

\Vestem Washington State has at least 
three dissimilar sources of earthquakes that 
could damage metropolitan areas near 
Puget Sound. The best documented of 
these sources, the interior of the subducted 
Juan de Fuca plate, has released several 
20th-century earthquakes of magnitude 
(M) 6 or 7 from depths of 50 to 60 km 
beneath Puget Sound (1). A second source, 
the offshore part of the boundary between 
the Juan de Fuca and North America 
plates, lacks historical seismicity but may 
produce infrequent earthquakes as large as 
M = 8 or 9 (2 4). In this report we present 
evidence for a third source historically 
quiescent faults within the North America 
plate. We propose that one or more large 
earthquakes on such faults account for up­ 
lift that occurred in the southern Puget 
Sound region between 500 and 1700 years 
ago. Accompanying reports present evi­ 
dence that one of these earthquakes gener­ 
ated a tsunami (5) and may also account for 
landslides (6), rock avalanches (7), and 
turbidity currents (8) (Fig. 1).

The most conspicuous evidence for 
earthquake-induced uplift at Puget Sound is 
a raised wave-cut platform at Restoration 
Point (9), the easternmost part of a penin­ 
sula 5 km west of Seattle (Fig. 1). The raised 
platform extends discontinuously along the 
coast nearly 3 km to the northwest and 7 km 
to the west of the peninsula (10). The 
peninsula is fringed by the raised platform 
(Fig. 2), which is expressed as a seaward 
sloping, nearly planar bedrock surface as 
much as 7 m above high tide (11). Organic- 
rich sand 20 to 40 cm thick overlies much of 
the platform, which is cut on steeply dipping 
Tertiary siltstone and sandstone. Much 
thicker deposits of sand and gravel cover the

R C. Bucknam, U.S. Geological Survey, Mail Stop 
966, Box 25046, Denver, CO 80225. 
E. Hemphill-Haley, U.S. Geological Survey, Mail Stop 
999, 345 Middlefield Road, Menlo Park, CA 94025 
E. B. Leopold, Department of Botany, KB-15, Univer­ 
sity of Washington, Seattle, WA 98195.

platform 2.5 km northwest of Restoration 
Point; these deposits contain shallow-water 
marine mollusk shells in growth position (12).

The raised platform at Restoration 
Point, which resembles the adjacent mod­ 
ern platform at sea level, records about 7 m 
of uplift. Erosion at the seaward edge of the 
raised platform has produced a low bedrock 
scarp as much as 3 m high. High tide 
coincides approximately with the foot of 
the scarp. The corresponding part of the 
raised platform lies 7 m higher. Because the 
type of rock and exposure to waves are 
similar on the modern and raised platforms, 
we assume that the landward edge of the 
raised platform similarly formed at about 
the level of high tide, in which case the net 
uplift is 7 m (13).

The nearly planar form of the raised 
platform indicates that it was uplifted sud­ 
denly. Low linear ribs of the most resistant 
of the Tertiary beds can be traced from the 
modem platform onto and across the raised 
platform. Postuplift weathering has subdued 
these features on the raised platform, but
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Fig. 1. Location and radiocarbon age of features bearing on seismic events in the Puget Sound 
region of Washington between 500 and 1700 years ago. Features: uplifted tidal flat or wave-cut 
marine platform (this paper) (A); subsided tidal marsh or swamp (5) (T); tidal-marsh deposit 
showing little or no abrupt change in level in past 2000 years (Cultus Bay, Winslow) (5) or in past 
3000 years (Shine) (26) ( ), probable tsunami deposit (5) (T); rock avalanche (7) ( ); landslide (6) 
(D); ponds impounded along fault scarp (6, 24) (O). Radiocarbon ages in 14C years before A.D. 
1950, with 1 standard error quoted by laboratory; ages shown in boldface were adjusted for 
measured 13C/12C ratio. Age of feature relative to average age of dated material: identical within 10 
years (no prefix); older (>) or younger (<) by as much as decades; older (>) or younger (<) by as 
much as centuries. Where multiple limiting ages are available, only the youngest limiting maximum 
or oldest limiting minimum ages are shown. Ages are not shown for landslides distinctly older than 
900 to 1300 years at Lake Washington. Relative movement on fault: U, up; D, down.
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Fig. 2. Map of Restoration 
Point, showing relative el­ 
evation contours (in me­ 
ters); datum is approxi­ 
mate mean sea level. Fine 
straight lines are bedrock 
ribs of resistant sedimen­ 
tary rock that dip steeply 
in direction shown by ar­ 
row. Inverted triangle at B 
is location of the columnar 
section shown in Fig. 3B.
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/Modem
high-tide line

Former
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ribs with as little as 20 to 30 cm of relief are 
conspicuous. This preservation suggests 
that slow uplift would have left recognizable 
patterns of intermediate shoreline features 
on the uplifted surface, such as bars of 
beach gravel or small erosional scarps. In a 
careful search we found no such features, 
with one doubtful exception (H). This lack 
of intermediate shorelines is inconsistent 
with slow (aseismic) uplift, which would 
have taken at least a decade at the highest 
known aseismic uplift rates (15). There­ 
fore, we suspect that the uplift accompa­ 
nied an earthquake.

Radiocarbon ages show that the abrupt 
uplift occurred between 500 and 1700 years 
ago. A concentrate of humus from the basal 
4 cm of the organic sand that overlies the 
bedrock of the raised platform gave a min­ 
imum time for the uplift of 500 to 800 years 
ago (620 ± 90 HC yr B.P.) [16, 17]. Beach 
gravel and tidal flat mud, now 6 to 7 m 
above high tide, underlie a small marsh in 
the isthmus west of the peninsula (Fig. 2). 
Rounded fragments of detrital charcoal 
from the uplifted tidal flat mud (Fig. 3B) 
gave a maximum time for the uplift of 1300 
to 1700 years ago (1560 ± 90 14C yr B.P.).

A marine platform also stands a few 
meters above high tide at Alki Point in 
Seattle, 5 km east of Restoration Point. 
Although that platform is mostly obscured 
by houses and roads, a recent excavation 
exposed a planar sand-covered bedrock sur­ 
face 4 m above present high tide. Uplift of 
this surface was greater than 4 m because 
the landward edge of the platform was not 
exposed in the excavation.

Deposits at a small marsh at Winslow 
(Fig. 1), just 5 km north of Restoration 
Point, give evidence that the amount of 
vertical displacement was quite variable 
locally. The marsh at Winslow is underlain 
by peat that was deposited during the past 
several thousand years (Fig. 3A), that is,

Meters

including the time of the uplift at Restora­ 
tion Point. Diatom assemblages from mud 
directly beneath the peat indicate that the 
site was a freshwater bog or swamp 1600 to 
2100 years ago. Peat about 30 cm higher in 
the section (1400 to 1700 years ago) con­ 
tains diatoms characteristic of freshwater 
bogs or swamps but tolerant of slightly 
brackish water. The peat also contains a 
few fossil diatoms characteristic of brackish 
to marine environments. They presumably 
were blown or washed into the peat; thus, 
the site was near marine water and may 
have been only slightly above the level of 
the highest tides. Tidal marine water in- 
nundated the site more frequently by 700 to 
900 years ago as shown by radiocarbon- 
dated leaf bases of Triglochin maritimum, a 
common plant of brackish and saltwater 
tidal marshes in Washington (18).

The deposits at the Winslow marsh lack 
clear-cut evidence of an abrupt change in 
relative sea level in the past 2000 years. If 
the Winslow marsh changed level at the 
time of the uplift at Restoration Point, it 
probably subsided as shown by the change 
from mostly freshwater wetland to tidal 
marsh. Such subsidence could have accom­ 
panied the uplift at Restoration Point, as 
inferred for a site 9 km to the northeast at 
West Point (5). Alternatively, the tidal 
marsh at Winslow could have originated 
from a gradual rise in relative sea level.

In any case, the lack of uplift at Winslow 
implies that the amount of vertical dis­ 
placement was variable at least 7 m over 
the 5 km between Restoration Point and 
Winslow. A similar difference exists to the 
east between Alki Point (uplift >4 m) and 
West Point [subsidence > 1 m (5)]. Both 
Restoration Point and Alki Point are on the 
south side of the Seattle fault [Fig. 1; (19)], 
a major east-trending structure that has 
been inferred from depth-to-bedrock data 
(10), gravity anomalies (12), and seismic

reflection profiles (20). The long-term 
sense of offset inferred on this fault is south 
side up. The coincidence of the pattern of 
vertical displacement in the marshes and 
terraces with the same sense of late Ceno- 
zoic displacement on a major fault nearby 
suggests that the uplift occurred in conjunc­ 
tion with slip on the Seattle fault. Because 
no surface rupture is apparent, fault slip at 
depth may have been accommodated by 
folding or warping at and near the surface.

Large uplift south of the Seattle fault 
and small subsidence north of the fault 
suggests that reverse slip occurred on a 
south-dipping fault, rather than normal slip 
on a north-dipping fault. For dipping nor­ 
mal faults, subsidence is large and uplift is 
small. The ratio of subsidence to uplift 
suggests that dip of the fault is less than 
about 70° (21).

Our radiocarbon ages only broadly limit 
the time of this fault slip and associated 
uplift to between 500 and 1700 years ago. A 
narrower range between 1000 and 1100 years 
ago is suggested by radiocarbon dating and 
tree-ring correlation of tsunami and land­ 
slide deposits near Seattle, provided that 
these deposits are coeval with the uplift (5).

There is also evidence for uplift between 
1000 and 1500 years ago at the heads of 
three bays in southwest Puget Sound and 
Hood Canal, 30 to 55 km southwest of 
Restoration Point. The strongest case for 
uplift in these other areas comes from 
Lynch Cove, at the landward end of Hood 
Canal (Fig. 1). We also found evidence of 
uplift at Oakland Bay, 25 km southwest of 
Lynch Cove, and at Burley, 15 km south­ 
east of Lynch Cove (Fig. 1).

Tidal flat sediment overlain by freshwa­ 
ter peat provides the evidence of abrupt 
uplift at Lynch Cove. Fossil diatoms (Fig. 
3C) show that the sediment accumulated 
below high tide, on a tidal flat. By contrast, 
woody roots, diatoms, and seeds of plants 
characteristic of moist upland meadows and 
freshwater marshes show that the overlying 
peat formed above the highest tides. The 
sharp contact at the base of the peat and 
the lack of intervening salt-marsh deposits 
suggests that the change from tidal flat to 
upland meadows and marshes was abrupt 
(22). A rise in relative sea level subsequent 
to the uplift allowed high tides to submerge 
the upland meadows and marshes many 
centuries later, as shown by salt marsh peat 
that overlies the freshwater peat.

Relief of the former tidal flat beneath 
the peat shows that the uplift at Lynch 
Cove exceeded 2 m. The former tidal flat 
surface buried beneath the peat descends 
gently toward the central part of the cove. 
Before uplift, the highest point on the 
former tidal flat was below high tide, and 
after uplift the lowest point on that surface 
beneath the freshwater peat was above high
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tide. The relief between these two points is 
at least 2 m.

The oldest age determined thus far for 
the lowermost several centimeters of the 
peat at Lynch Cove is 900 to 1300 years 
(1170 ± 90 HC yr B.P.), which is a 
minimum for the time of the uplift. Upland 
shrubs had become established on the sur­ 
face by 800 to 1100 years ago (1050 ± 70 
HC yr B.P.) as shown by the age of a woody 
root in growth position in the sediment 
beneath the peat (Fig. 3). A well-rounded 
detrital fragment of wood from the sedi­ 
ment beneath the peat gave an age of 1300 
to 1500 years (1420 ± 70 HC yr B.P.), 
which is a maximum for the time of uplift.

As at Lynch Cove, peat containing 
abundant wood overlies mud at Oakland 
Bay and Burley, and roots of woody shrubs 
are also present locally in the uppermost 
several decimeters of the mud at both sites.

Radiocarbon ages of the lowermost few 
centimeters of the peat at Oakland Bay and 
Burley are similar to those at Lynch Cove  
1190 ± 60 14C yr B.P. at Oakland Bay and 
1130 ± 50 14CyrB.P. at Burley (23). Also, 
as at Lynch Cove, a rise in relative sea level 
since the uplift has resulted in the forma­ 
tion of salt-marsh deposits on the freshwa­ 
ter peat at both sites.

Uplift of tidal flats in the Lynch Cove- 
Oakland Bay areas, uplift adjacent to the 
Seattle fault, and formation of an 8-m-high 
fault scarp along the Saddle Mountain East 
fault [Fig. 1; (24)] probably reflect slip on 
several faults in the crust of the North 
America plate. The slip may have occurred 
either as a series of events closely spaced in 
time (up to several centuries apart) or as 
synchronous coordinated events. We impli­ 
cate more than the Seattle fault because 
uplift of the Lynch Cove-Oakland Bay area
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Fig. 3. Generalized composite columnar sections at uplift sites in central and southern Puget Sound 
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shows inferred correlation of uplift event (shown by heavy line in sections), dotted and queried 
where uncertain, and time interval of Restoration Point uplift at Winslow site within bracketed interval 
on (A). (C) represents the stratigraphy in the seaward part of the Lynch Cove marsh. Radiocarbon 
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appears too distant (35 to 60 km from the 
Seattle fault) and too large (locally at least 
2 m) to be solely the result of slip on that 
fault. Alternative, but less likely, origins for 
uplift in Puget Sound are earthquakes with­ 
in the subducting Juan de Fuca plate or at 
the boundary between the Juan de Fuca and 
North America plates. Earthquakes in the 
subducted plate are unlikely sources of 
widespread uplift, as judged from the lack of 
recognized uplift from a M = 7.1 earth­ 
quake in the Juan de Fuca plate deep under 
southern Puget Sound (epicenter in Fig. 1). 
However, we cannot rule out coeval slip on 
faults in the North America plate and on 
the Juan de Fuca plate boundary because 
14C ages for the uplift resemble ages for 
abrupt subsidence and unusual ground-wa­ 
ter eruption along the Pacific coast of 
Washington (4).

The size of the smallest earthquake com­ 
patible with the uplift between Seattle and 
Oakland Bay can be estimated by compari­ 
son of the uplift produced by the magnitude 
7.3 earthquake of 1980 near El Asnam, 
Algeria, with that at Puget Sound. The El 
Asnam earthquake produced 5 m of uplift 
along a high-angle reverse fault (25), com­ 
parable to the amount of abrupt uplift near 
the Seattle fault. We conclude that faults in 
the North America plate can produce dam­ 
aging earthquakes, probably of magnitude 7 
or larger, in the Puget Sound region.
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The Work of the Coastal Movements Data Center

Shouichi Matsumura
Geographical Survey Institute
Tsukuba, Ibaraki, 305, Japan

In Japan, the sea level is monitored at throughout the 
country by several government agencies and there are over 500 
such sites. In many countries sea level observation is only 
provisional, but in Japan, high quality observations have been 
carried out for a long time at a number of tide stations. This is 
because 1) there is a regular need to determine the datum level 
for repeated leveling and hydrograph i cal surveying due to defor­ 
mation of the ground caused by frequent earthquakes, 2) it is 
necessary to keep records of tsunami (tidal waves caused by 
earthquakes) and recurring high tides, 3) it is also necessary to 
constantly collect data on tidal constants and variations in sea 
conditions to assist forecasting tides for fishing, shipping and 
other marine activities, and 4) as the coastal areas have a high 
population density and civil engineering works are carried out 
extensively, it is necessary to determine the datum level for 
each area .

In Japan, modern geodetic surveys were undertaken 100 years 
ago throughout the country, and thereafter country wide surveys 
were repeated to understand, as described above, not only the 
large crustal movements accompanying earthquakes and the steady 
crustal movements under normal conditions, but also the precurso­ 
ry crustal movements immediately before an earthquake. From 
such historical background, the observation of crustal movements 
plays a very great role in predicting earthquakes in Japan. In 
particular, distinct crustal movements in littoral areas are 
often seen in Japan whose Pacific coasts are very close to the 
subduction zone or the trenches. Hence it is important to have a 
thorough grasp of such crustal movements.

In order to gather the tide data obtained by the various 
organizations and thus facilitate analysis of the crustal move­ 
ments in the coastal region, the organizations cooperated and 
established a Coastal Movements Data Center with the Geographical 
Survey Institute as the secretariat in 1965. The operation of 
the Center is briefly described in Reference 1.

As stated previously, there are more than 500 tide stations 
in Japan, but 117 were registered with the Center as of November 
1992(Fig. 1). Details are given in Table 1.

Geographical Survey Institute 25 stations
Japan Meteorological Agency 54 stations
Hydrographic Department 28 stations
Earthquake Research Institute 1 station
Others 9stations

Table 1 Tide stations registered in the Coastal Movements Data 
Center

79



The requirements for registration of a tide station are not 
expressly provided, but in principle they are as follows.

1) Data is successively acquired, arranged and managed 
order 1y.
2) The tide station should be made of concrete on a bedrock 
or other firm foundation.
3) The tide gauge should have a highly reliable, simple 
structure and be specifically a float type (Fig. 2).
4) Levelling at the tide station is determined via measure­ 
ment from the bench nark.

The Coastal Movement Data Center is continuously searching 
for tide stations satisfying these requirements. Every year two 
or three stations are added, subject to the approval of the 
relevant organizations. Data from the tide stations is trans­ 
mitted partly by telecommunication lines but mostly by nail to 
the Center, which then arranges then into the following documents 
as a serv ice to users.

1) Distribution Map of Tide Stations of the Coastal 
Movements Data Center

2) Monthly Report on the Coastal Movements Data Center
3) Annual Report on the Coastal Movements Data Center
4) Tables and Graphs of Annual Mean Sea Level along 

the Japanese Coast (issued every five years)
5) List of Tide Stations in Japan (issued every 10 years)
6) Report on Connecting Leveling to Tide Bench Marks

Some examples of crustal movements shown by the data of the 
Center are g i ven below.

(Example 1)
Excluding non-crustal movements as far as possible from 

the data throughout the country, the levels from 1951 to 1981 
were calculated. The results are shown in Fig. 3. The figure 
also shows numerically the result of the national leveling 
carried out from 1962 to 1968 and the crustal movements calculat­ 
ed from the data of the leveling from 1975 to 1982. The tide 
data and leveling data show a generally good correlation, but 
there is a difference in the southwestern part of Japan.

(Example 2)
Fig. 4 shows vertical ground movements determined by level­ 

ing for the Tokai District, where the "Tokai Earthquake" is 
anticipated. It can be seen that due to the sliding of the 
Philippine Sea plate,_ the area from Omaezaki to Yaizu is subsid­ 
ing at the rate of 4~5mm a year. Fig. 5 shows the differences 
in sea level at tide stations in this area. Subsidence at 
Omaezaki and Yaizu is readily apparent when compared to Uchiura 
and Maisaka. Differences in sea level allow real time observa­ 
tion over leveling, so to facilitate prediction of the "Tokai 
Earthquake", the tide data of the area is transmitted to the 
Coastal Movements Data Center by telecommunication line and 
mon i tored there .

80



(Example 3)
Differences in sea level at Ito, Izu Peninsula, and Aburat- 

subo are shown in Fig. 6. In the eastern part of the Izu Penin­ 
sula, swarm earthquakes have occurred every years since 1978, 
and in June 1989, a small submarine eruption occurred to the east 
of Ito City. The only activity thereafter was small swarm 
earthquakes in August and December 1991. As shown in Fig. 6, 
the level in the general area of Ito City rose significantly 
between 1978 to 1989, remaining thereafter in line with declining 
earthquake activity.

(Example 4)
In March 1982, an earthquake of M 7.1 at a depth of 40km 

occurred off the coast of Urakawa, Hokkaido. Immediately before 
the earthquake, a leveling survey carried out quite by chance 
indicated the possibility of a precursory rising phenomenon 
occurring around Urakawa (Fig. 7). Differences in sea level at 
Urakawa and Muroran (Fig. 8) also supported this conclusion.

(Example 5) In Kyushu, a comparison of leveling surveys conducted 
between 1975-1978 and 1981-1983 indicates subsidence in the 
northern part and rising in the southern part (Fig. 9), but those 
conducted between 1981-1983 and 1987-1990 conversely indicate 
rising in the north and subsidence in the south. The question 
of whether this was an indication of actual crustal movement or a 
misinterpretation due to measurement error created some debate. 
Data for differences in sea levels in the district (Fig. 10) 
supports the former view.

The Coastal Movements Data Center operates smoothly through 
good cooperation between the various organizations, and from the 
experience acquired so far, the results of analysis of the 
crustal movements using the data from the Center have proved to 
be highly reliable. As a result, the Center is regarded as 
playing an important role in clarifying coastal movements from an 
academic point of view. Furthermore, the information it provides 
is expected to be instrumental in predicting the "Tokai Earth­ 
quake", just as it was shown to be of use at the time of the 
submarine volcano eruption east of Ito City.
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(Reference 1)

The Operation of the Center

(Object)
1. The Coastal Movements Data Center referred to detects crystal 
movements from data records of government tide and arranges the 
data in a standard form and publishes it for practical use in 
pred i ct i ng earthquakes.

(Projects)
2. To implement this objective, the Center is working on the 
following projects! Preparing a distribution map of tide stations 
registered with the Center Arranging the monthly mean tide levels 
of the tide stations registered with the Center and publishing 
monthly and annual reports of tide levels Arranging the results 
of observation of the tide levels in the past for a substantial 
period and publishing them.

Performing other necessary projects for the operation of the 
Center.

(Commi ss i on) 
3. To ensure smooth 
operat i on commi ttee 
relevant government 
Geographical Survey

operation of the projects, the Center has an 
consisting of experienced personnel from the 
agencies, and the Director General of the 
Institute commissions them.

(Terms of Office) 
4 . The term of off i ce 
when a vacancy 
the vacancy is the

o.,c c u r s ,
of each committee member is two years, and 
the term of office of the member filling 

remaining period of the predecessor.

(Genera 1 Meet i ng)
5. The Center holds a general meeting or meetings once or more a 
year for deliberation of matters concerning the running of the 
Center.

(Adm i n i strat i on )
6. Administration of the Center is undertaken by the Geographical 
Survey Institute of the Ministry of Construction.

(Supplementary Provision)
This procedure applies from July 12, 1977.
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(Reference 1)

The Operation of the Center

(Object)
1. The Coastal Movements Data Center referred to detects crustal 
movements from data records of government tide and arranges the 
data in a standard form and publishes it for practical use in 
predicting earthquakes.

(Projects)
2. To implement this objective, the Center is working on the 
following projects; Preparing a distribution map of tide stations 
registered with the Center Arranging the monthly mean tide levels 
of the tide stations registered with the Center and publishing 
monthly and annual reports of tide levels Arranging the results 
of observation of the tide levels in the past for a substantial 
period and publishing them.

Performing other necessary projects for the operation of the 
Center.

(Commi ss i on) 
3. To ensure smooth 
operat i on commi ttee 
relevant government 
Geographi ca1 Survey

operation of the projects, the Center has an 
consisting of experienced personnel from the 
agencies, and the Director General of the 
Institute commissions them.

(Terms of Office)
4. The term of office of each committee member is two years, and 
when a vacancy occurs, the term of office of the member filling 
the vacancy is the remaining period of the predecessor.

(Genera 1 Meet i ng)
5. The Center holds a general meeting or meetings once or more a 
year for deliberation of matters concerning the running of the 
Center.

(Adm i n i strat i on )
6. Adm inistration of the
Survey Institute of the

Center is undertaken by the Geographical 
Ministry of Construction.

(Suppleraentary Provision)
This procedure applies from July 12, 1977.
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Fig. 3 Vertical crustal novenents as deduced from tidal records and releveling 

Vertical crustal novenents along the coast of the pacific ocean obtained 

fron releveling are shown at seven tide stations, a. Sona, b. Katsuura, 

c. Aburatsubo, d. Onisaki, e. Kushinoto, f. Kure and g. Hosojina. 

Unit: nn/year.

( After Nakahori [1985], refornation fron Kato[1983] by Nakahori)
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Seismicity, Stress Orientation and Configuration of the Aleutian 
Megathrust in the Vicinity of the Great 1964 Alaska Earthquake

CD. Stephens, R.A. Page, J.C. Lahr, K.A. Fogleman, T.M. Brocher, MA. Fisher, and EL. Geist 
(US. Geological Survey, Menlo Park, CA 94025)

The great 1964 Alaska earthquake ruptured the Pacific-North American plate boundary 

along the northern end of the Aleutian megathrust (Figure 1) where tectonic interaction between 

the two plates is complicated by ongoing subduction and accretion of the Yakutat terrane (for 

example, Plafker, 1987). Since at least the early 1970's, when the USGS established a 

seismograph network surrounding the epicentral area in Prince William Sound, the megathrust 

has been nearly aseismic. Because of this quiescence there is little direct evidence to constrain 

the geometry of the megathrust. However, by combining well-contrained hypocenters and focal 

mechanisms in the Prince William Sound region with the results of seismic profiling, we are able 

to relate the megathrust to the interface between the overlying North American plate and the 

underthrusting Yakutat terrane, which has been transported on the Pacific plate and subducted 

beneath the continent.

Seismic reflection and refraction profiling in the Prince William Sound region of southern 

Alaska (Brocher and others, 1991) reveals an extensive, gently landward-dipping mid-crustal 

reflector defining the top of a layer with a P-wave velocity of about 6.9 km/sec (Figure 2). This 

layer lies well above the subducted oceanic crust and Moho of the Pacific plate, and its apparent 

eastward continuation has led to the interpretation that it represents subducted lower crustal rocks 

of the Yakutat terrane (Brocher and others, 1991; Griscom and Sauer, 1990). Hypocenters of 

recent, well-recorded earthquakes, when relocated with a velocity model based on the seismic 

refraction profiling, tend to be concentrated at or just below this mid-crustal reflector (Figure 3) 

rather than within the underlying Pacific plate. Furthermore, focal mechanisms determined from 

regionally-recorded P-wave polarities show a remarkably consistent pattern in this depth range, 

where T-axes tend to be subhorizontal and oriented west-east to north west-southeast (Figure 4). 

Both the distribution of seismicity and the orientation of T-axes appear to be continuous with the 

deeper, more steeply inclined Wadati-Benioff zone seismicity west and north of Prince William 

Sound (for example, Page and others, 1989), where the least-compressive principal stress axis 

inferred from the focal mechanisms aligns with the downdip direction of the seismic zone.



Evidence that the west- to northwest-directed extensional stress found in the subducted plate 

beneath Prince William Sound may extend seaward of the trench comes from the northwestward 

orientation of T-axes determined for the sequence of two magnitude 7-class earthquakes in the 

northern Gulf of Alaska in 1987-88 (Lahr and others, 1988).

Our conclusion that the megathrust beneath Prince William Sound lies at the top of the 

subducted lower crustal rocks of the Yakutat terrane has several important implications. One is 

that the giant asperity at the northern end of the 1964 rupture zone, which released most of the 

seismic moment in the earthquake (Ruff and Kanamori 1983; Kikuchi andFukao, 1987), is linked 

to the presence of the subducted Yakutat terrane. The anomalous plate thickness produced by 

welding lower crustal rocks of the Yakutat terrane to the top of the Pacific oceanic lithosphere 

may increase bending resistance or buoyancy, thus causing the subducting plate to follow a 

relatively flat trajectory. This geometry would result in a broad contact zone between the plates, 

as is reflected in the aftershock zone of the 1964 earthquake (Figure 5). In addition, the eastward 

limit of rupture during the 1964 earthquake may have been structurally controlled. Both the early 

aftershock activity and moment release from the 1964 earthquake die off rapidly near the 

longitude of Kayak Island (Figure 5) where the mid-crustal reflector ramps upward significantly 

(Figure 6). If the megathrust is marked by the mid-crustal reflector, then this upwarping in the 

configuration of the megathrust may have impeded further rupture to the east.
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Figure Captions

Figure 1. Map of tectonostratigraphic terranes (light dashed and solid lines; Yakutat terrane is 

highlighted by stippled pattern) in the northern Gulf of Alaska (after Plafker, 1987), and 

aftershock zone (slanted shading) of the great 1964 Alaska earthquake (after Davies and 

others, 1981). Sedimentary upper crustal rocks of the Yakutat terrane are being deformed 

in a fold and thrust belt that extends between the Kayak Island and Pamplona zones. The 

Slope Magnetic Anomaly (after Schwab and others, 1980) is inferred to mark southern 

extent of basaltic lower crustal rocks of the Yakutat terrane east of about 148° W 

longitude; note that the extension of the anomaly for more than 100 km west of the 

Kayak Island zone suggests that lower crustal rocks of the Yakutat terrane have been 

subducted at least this far. Stars indicate epicenters of 1964 earthquake and two recent 

large shocks in the northern Gulf of Alaska (Lahr and others, 1988). Plate motion vector 

from Demets and others (1990). Location of schematic cross section in Figure 6 is 

indicated by heavy solid line. PWS - Prince William Sound; FF - Fairweather fault.

Figure 2. Map of depth contours (heavy lines, in km) at top of mid-crustal layer with P-wave 

velocity of 6.9 km/s. Contours were interpolated from seismic velocity structures derived 

from deep reflection/refraction profiles of the Trans-Alaska Crustal Transect program (thin 

solid lines) and from shallow marine seismic profiles of Bayer and others (1978; thin 

dashed lines). Slope Magnetic Anomaly marks southern extent of basaltic lower crustal 

rocks of the Yakutat terrane. A and A' are endpoints of the vertical seismic reflection 

profile shown in Figure 3. Star indicates epicenter of 1964 earthquake. Contours of 

water depth are in meters.

Figure 3. Selected, well-recorded earthquakes located within 20 km of the section A-A' along 

the PWS line (Figure 2) are shown in relation to the vertical seismic reflection data. The 

megathrust is inferred to coincide with the top of the reflective layer indicated by arrows. 

Earthquakes occurred between July 1985 and May 1989 when the regional seismograph 

network was augmented by several local stations. Hypocenters were determined using 

a velocity model based on seismic refraction profiling. Event selection criteria include 

having at least one recording station within 15 km epicentral distance.

Figure 4. Orientation of T-axes for higher-quality focal mechanisms of 779 earthquakes. Unit- 
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length axes are projected onto horizontal (top) and vertical (bottom) planes, so that shorter 

line segments correspond axes nearly perpendicular to the planes. Focal mechanisms 

were determined using initial P-wave polarites and a modified version of the computer 

program FPFIT (Reasenberg and Oppenheimer, 1985), and were selected on the basis of 

having the 90% confidence regions for both the P- and T- axes cover less than 20% of 

the focal sphere. Line B-B' (top) shows the orientation of cross section (bottom), which 

is approximately perpendicular to the downdip direction of the Wadati-Benioff seismic 

zone in the subducting plate. CI - Cook Inlet, PWS - Prince William Sound.

Figure 5. Map showing the first five days of aftershocks from the 1964 Alaska earthquake 

(modified from Algermissen and others, 1972; symbol key at lower right), and the 

distribution of seismic moment release (large filled circles) during the mainshock 

(modified from Kikuchi and Fukao, 1987); seismic moment is distributed over a 

uniformly-spaced grid of points covering the rupture surface, and circle size is 

proportional to the moment released at each point. Slope Magnetic Anomaly marks 

southern extent of lower crustal rocks of Yakutat terrane. Note that near Prince William 

Sound (PWS) the downdip width of the rupture zone inferred from the distribution of 

aftershocks is at least 150 km, and that both the number of aftershocks and seismic 

moment release decline sharply about 50 km west of Kayak Island.

Figure 6. Schematic west-east cross section near Kayak Island showing configuration of a 

magnetic mass that may correspond to basaltic, lower crustal rock of the Yakutat terrane 

(modified from Griscom and Sauer, 1990). This body is inferred to coincide with a 

regional, mid-crustal layer that has a P-wave velocity of about 6.9 km/s and produces 

strong arrivals on both seismic reflection and refraction profiles. The megathrust is 

inferred to lie at the top of this layer. Note the upward ramping in the mid-crustal layer 

near Kayak Island that is also evident in the contours of Figure 2.
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Regional Seismic Network Recording and Analysis Under Technological Change
Steve Malone

Geophysics Program, University of Washington 
Seattle, WA 98195 U.S.A.

The basic goals of a regional (or national) seismic network have changed little over the years; 
record and process seismic data for research, educational and public information uses. Recent techno­ 
logical improvements mean that these goals can be met using more and higher quality data and more 
quickly. The challenge to the network operator is to take advantage of new technology where it is cost 
effective without getting bogged down in development and implementation projects. How this is done 
is dependent on the size and purpose of the network. Seismic networks can be broken down roughly by 
area covered and number of stations into four categories (Table 1). In each of these categories recent 
technological changes are effecting the quantity and quality of seismic data gathered and the processing 
and analysis of those data.

TABLE 1. SEISMIC NETWORKS (Examples) 
International Networks

IRIS GSN - Global
MedNet - Southern Europe, northern Africa
POISIDON - Japan, eastern Pacific
ORFEUS - Europe
ISC - International coordination 

National Networks
US National Seismic Network
JMA National Network
Canadian National Seismic Network 

Regional Networks (25-500 stations)
USGS (CalNet, Hawaii, Southern Great Basin ...)
Other Federal agencies (DOE, USBR...)
University run (Washington, Utah, Nevada, Alaska....)
State run (CDMG in California..) 

Local Networks (<25 stations)
University run (VPI, Boston College, MIT,....)
State run (Idaho, Kansas....
Private run (Usually near major power plants or dams)

Recent technology changes effecting seismic networks fall into three general categories:

1. New broad-band sensors and high resolution data loggers.

2. Rapid evolution of computer size and speed.

3. Local and wide-area computer network standardization and proliferation.

Improvements in sensor and data-logger technologies have largely effected the international and 
national networks, though even for most of these networks 20 year old technology is the backbone of 
the systems. Recent computer innovations and low prices have primarily effected the regional and local 
networks such that virtually all such networks are recorded digitally even if the telemetry from station 
to recording computer is still analog. Recent improvements in wide-area digital communications is just 
starting to make an impact on seismic networks. Two examples are the satellite telemetry used by the 
US National Seismic Network and the distributed GOPHER system of the IRIS GSN rapid data
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retrieval system. An example of the integration of this latter system in a conventional regional network 
is currently taking place at the University of Washington which operates the Washington Regional 
Seismograph Network (WRSN).

The WRSN is a typical medium to large sized US seismic network largely made up of field 
equipment from the 1960s and 1970s and recording technology of the early 1980s. Most seismic data 
is telemetered via telephone, microwave, or radio voice grade circuits in analog form from single com­ 
ponent field sites to the central recording site in Seattle (Figure 1). Here it is digitized at 100 samples 
per second per channel and processed automatically for event detection and preliminary location param­ 
eters. Routine manual analyses of these data are done using computer graphics displays within a few 
days of recording to determine location, size, and focal mechanism parameters for each detected earth­ 
quake. Reduced data and earthquake catalogs are provided immediately to other researchers and the 
public through a variety of means including electronic mail, FAXes and a computer bulletin board.

With the recent availability of high quality sensors and data-loggers the challenge is to rapidly 
integrate data from these new instruments with the older analog telemetry data. This is done easily by 
using the GOPHER dial-up system developed for the IRIS GSN (Figure 2). This system, as it runs at 
the IRIS Data Management Center (DMC), takes as input preliminary location information about 
world-wide earthquakes from the USGS National Earthquake Information Center (NEIC). P-wave 
arrival times for an earthquake are computed for each of the GSN stations around the world with dial- 
up capability. GOPHER then "goes for" the data by telephoning each station and down-loading 
selected time wave-form segments to the main DMC machine. The actual telephone calls are placed by 
several different computers around the world interconnected by the InterNet, a global computer network 
using a standardized, non-proprietary protocol (Figure 3). Data for each event is kept in a simple and 
popular format (SAC) at the IRIS DMC (and other data centers) and a menu driven user interface is 
provided on an open login account so anyone can access the data.

One of the IRIS remote GOPHER machines is located at the University of Washington, on the 
same local computer network as the machines used to record and process data from the WRSN. This 
local GOPHER receives requests from the IRIS DMC to dial-up US GSN stations and retrieved data for 
earthquakes of international interest; however, it also receives requests from a WRSN computer to 
retrieve data for events of local interest from both GSN stations and similar stations operated as part of 
the WRSN. A few modern high-quality stations are being added to the WRSN to unproved the data 
quality for local earthquakes. Because continuous telemtry of three-component high-dynamic range 
data is not cost effective data from these stations are recovered using dial-up telephone calls by the 
GOPHER system only for events detected by the conventional analog regional network.

Several other regional seismic networks, including two in California, and one in Japan are using 
the GOPHER system to access data from their own high quality stations as well as the GSN set of sta­ 
tions and are using their own analog networks rather than alerts from the NEIC to trigger data retrieval. 
The integration of this GOPHER acquired data with the older, lower quality data is still under develop­ 
ment. Combining wave-form data of differing types and from different networks is a problem plagued 
by multiple formats, different computer operating systems, and lack of motivation. One hope for the 
future is to have all data, from both the new high-quality stations as well as the older single-component 
stations in a standard format so that all data from different networks can be merged together and 
analyzed as a single data set.
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Washington Regional Seismograph Network
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^ Major Cascade Volcano

^ Seismograph Station
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Microwave Telemetry 
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Earthquake (M > 3 ) 

Installed Broad-Band Site

FIGURE 1. Washington Regional Seismograph Network showing conventional short-period 
telemetry stations (triangles), new high-quality stations (squares), and recent 
larger (M>3) earthquakes (circles).
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BADGER / GOPHER SYSTEM 

INTERNATIONAL

FIGURE 2. World map showing the IRIS GOPHER stations and machines used to call them as con­ 
trolled by the BADGER system at the DMC. There are seven additional stations in 
the US called by the domestic GOPHER system located at the University of Washing­ 
ton and California Institute of Technology.
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Stations: KONO TOL DPC

FIGURE 3. Block diagram of current Badger/Gopher system as it is run for IRIS.
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The plan for intensified observational facilities for prediction research 
of earthquakes occurring in the Tokyo metropolitan area

Kazuo Hamada

NIED:National Research Institute for Earth Science and Disaster Prevention
Tsukuba-shi, 305 Japan

The plan consists of one 3000-m deep borehole station, twelve 2000-m borehole stations, six 
cable-type OBSs, and twelve GPS stations. All the borehole stations have a three-component 
set of seismometers and a two-component set of tiltmeters.

after completion

Ml.5 shocks with depth less than 40 km 
are accurately located within this area.
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PROBING THE ACTIVE SUBDUCTION ZONE OF THE PACIFIC NW, USA

W.D. Mooney. J. Luetgert, and E. Criley (all at: U.S. Geological Survey,
345 Middlefield Rd., MS977, Menlo Park, CA 94025) 

K. Miller, J. Gridley and G.R. Keller (University of Texas-El Paso) 
A. Trehu and J. Nabelek (Oregon State University, Corvallis, OR) 
N.I. Christensen (Purdue University, West Lafayette, IN)

Despite the importance of the Pacific Northwest as a natural laboratory of active tectonic processes, 
and of seismic and volcanic hazards, only a limited amount of deep seismic profiling has been 
conducted in this region. We began to address this deficiency in September, 1991, with a major active 
seismic field program (Figure 1) consisting of three seismic refraction/wide angle reflection profiles 
located (1) on the east flank of the Puget Sound Basin of Washington (N-S profile); (2) on the west 
flank of the Willamette Lowland of Oregon (N-S profile); and (3) across the central Oregon Coast 
Ranges and up to the foothills of the Cascades Range (E-W profile).

Several scientific objectives have been targeted in this work:

  Determination of the relationships between seismicity and structure - What is the relationship 
between forearc seismicity and crustal and upper mantle structure? Are there structural 
boundaries/offsets that have not yet revealed themselves in the seismicity?

  Determination of the structure of sedimentary basins west of the Cascades, such as the Chehalis 
Basin. How have these basins evolved as accretion has continued to the west?

  What has been the role of tectonic and magmatic underplating in building the continental crust? 
How much crust has been added by these processes?

  What is the crustal thickness and composition of the Coast Range and does it vary across strike? Is 
the crustal structure of the Coast Range purely a product of accretionary processes and/or later 
tectonic events?

  What is the nature of the eastern boundary of the Coast Range? Does it possibly influence the 
localization of Cascade volcanoes?

During the field project a total of 10 large bore-hole shots, ranging in size from 900 to 1800 kg, 
were recorded by a large complement of seismographs, including: 200 Seismic Group Recorders 
(SGRs), 185 PRS-ls, 18 PRS-4s, 30 6-channel REFTEKS, 120 FM-Cassette recorders, and two 96- 
channel seismic reflection spreads. These profiles provide more than 330 km of deep seismic data, 
which defines the crustal and upper mantle structure in unprecedented detail.

Preliminary data interpretation indicates a crustal thickness of ~43 km beneath the profile in 
Washington State (Figure 2). We have identified a 20-km-thick high-velocity lower-crustal layer that 
may have been thickened by mafic intrusions. In the upper crust, several fault-bounded basins are 
clearly outlined by first-arrival traveltime data.

The N-S seismic profile in Oregon indicates a substantially thicker crust (more than 30 km) than 
appears in many previous geophysical interpretations. The average crustal velocity is high (6.8 km/s or 
greater), and is indicative of substantial amounts of mafic rocks in the deep crust, in agreement with the 
positive Bouguer gravity anomaly. Strong wide-angle reflections from depths of 40+ km may be from 
the subducting Juan de Fuca plate. The crustal seismic velocities determined from the 1991 Oregon 
seismic refraction data are in excellent agreement with laboratory velocity measurements made at high 
pressure on rock samples collected in the Coast Ranges.

These data provide excellent velocity and structural control for the crust and upper mantle in the 
fore-arc and Cascades region and provide constraints on the interpretation of gravity, aeromagnetic, 
magnetotelluric, seismic reflection, and seismicity data. The resultant structural framework is essential
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to the accurate evaluation of mechanisms for crustal earthquakes and will substantially improve our 
ability to locate and evaluate earthquakes recorded by the existing earthquake net.
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Figure 1. Location of 1991 seismic refraction profiles 
in Washington and Oregon.
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Cascadia Subduction Zone: Large Scale Structure Studies

R. S. Crosson (Geophysics Program, University of Washington, Seattle, WA 98195; 
206-542-8020)

Our current understanding of Cascadia subduction zone structure stems largely from 
diverse seismic observations. Critical seismic velocity structure of the subducted slab 
comes from marine refraction and reflection measurements, and shallow subduction 
zone structure is constrained by onshore/offshore active experiments. Reference con­ 
tinental seismic velocity structure comes from refraction measurements and inversion 
of earthquake arrival time data, with newer refraction/reflection results emerging. 
Beneath western Washington, the slab is active seismically while exhibiting only weak 
seismicity to the north beneath British Columbia and to the south beneath Oregon. 
Thus, seismicity give us a restricted, although information rich, window on subduction 
zone structure.

Independent and complementary interpretations of slab structure have been made from 
receiver function analysis at selected continental sites along the subduction zone. 
These, combined with seismicity, give us the clearest picture of an upwarp in the slab 
beneath the Olympic - central Puget Sound region. The upwarp accommodates plate 
deformation required by present trench geometry, and provides a rational mechanism 
for the Olympic uplift. Beneath the Olympic - central Puget Sound region, the slab 
dips about 10° to the east or east northeast. Steeper dips of 15-20° are typical at the 
same distance from the trench to the north and south. Independent evidence from the 
observation of anomalous P phases suggests that the subducted oceanic crust acts as a 
low velocity waveguide where the slab lies beneath the continental Moho. Most 
intraslab earthquakes appear to originate within the subducted oceanic "upper mantle" 
region.

Slab structure deeper than 80-100 km is most readily imaged by teleseismic tomogra­ 
phy. Recent work by VanDecar has shown that the slab steepens to a 50° dip angle 
beneath Washington, but that the deep slab signature decreases from southern Wash­ 
ington southward to Oregon, leading to speculation of slab tearing possibly resulting 
from changes in subduction kinematics.
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ABSTRACT

In this paper, we describe the results from recent geodetic 
experiments organized by the Communications Research Laboratory 
(CRL) using Very Long Baseline Interferometry (VLBI).

A VLBI station on Minamitorishima (Marcus Island) located on the 
only Japanese island on the Pacific plate, has been operated since 1989 
for the geodetic VLBI experiments with Kashima station and a Chinese 
station located near Shanghai. Position of the Minamitorishima station 
was first determined in 1989. VLBI experiments have been conducted 
every year since. The Minamitorishima-Kashima baseline is found to be 
getting shorter by about 7.7 cm/year, which is significantly smaller than 
the value predicted by the geological plate motion model assuming these 
station fixed on the Pacific and the Eurasian plates respectively. This 
difference is explained partly by a displacement of Kashima station with 
respect to the Eurasian plate due to the east-west contraction of the 
Northeastern Japan, and partly by an excess velocity of the Pacific plate 
around the Minamitorishima caused by the episodicity of the plate 
convergence at the Japan Trench.
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Baseline length change with the Shanghai VLBI station suggests 
that this station is moving east-southeastward by about 1 cm/year with 
respect to the stable interior of the Eurasian plate. This may be the first 
space geodetic evidence that the collision of the Indian continent to the 
Eurasian plate is causing large scale eastward extrusions of several blocks 
in the Eastern Asia.

CRL has been conducting domestic geodetic VLBI experiments in 
collaboration with the Geographical Survey Institute (GSI), e.g. JEG 
(Japanese Experiment for Geodesy) series which started as single baseline 
experiments between Kashima and the GSI's Tsukuba VLBI station which 
is about 50 km west of Kashima. Geodetic VLBI experiments were 
conducted using this baseline more than ten times from 1984 to 1991. 
There has been no significant changes in this baseline vector so far and 
this baseline is now used as a 'standard' VLBI baseline for research and 
development purposes.

Since 1992, two new stations were added to form a new VLBI 
network surrounding the Tokyo metropolitan area. Bi-monthly VLBI 
experiments are done on this network to understand the crustal 
deformation in the area which is important to make earthquake 
predictions in this area possible.

1. Western Pacific VLBI experiments

1.1 Introduction
The Western Pacific VLBI Network (WPVN, Fig.l) was constructed 

by the Communications Research Laboratory (CRL) to study relative 
movements of the tectonic plates in and around Japan by repeated 
geodetic VLBI observations among the stations located on these plates. 
The network consists of Kashima station (34 m new multi-frequency 
antenna and older 26 m antenna) on the Japanese mainland (normally 
considered to reside on the Eurasian plate), Minamitorishima station on 
the Pacific plate (the only Japanese island on this plate) and Minamidaito 
station on the Philippine Sea plate. Shanghai VLBI station operated by 
Shanghai Observatory, the Chinese Academy of Sciences also takes part 
in the observation regularly. The Minamitorishima VLBI station was 
newly installed as a fixed station with a 10 m antenna on the island in 
1988 (Hama & Amagai, 1990). WPVN has been regularly operated every 
year since 1989 and the baseline length changes between Kashima, 
Shanghai and Minamitorishima stations are estimated with an accuracy 
better than 1 cm/year. In this chapter, we briefly describe WPVN 
experiments and discuss about the geodynamic implications of the 
obtained baseline length changes. The motion of the Minamidaito station 
is not discussed in this paper because of small number of experiments.

1.2 Experiments
New K-4 (Hama et al., 1990; Kiuchi et al., 1990) terminals 

developed by CRL, were utilized in some domestic VLBI experiments 
instead of Mark-Ill (Clark et al., 1985) and K3 (Kawaguchi et al., 1982) 
VLBI data acquisition terminals because it is compact, reliable and easy 
to operate. A compact frequency standard system consisting of a highly 
stable crystal oscillator and a Cesium-beam clock (Kiuchi et al., 1989) was 
used at the Minamitorishima station instead of a conventional hydrogen
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maser. This frequency standard requires shorter integration time 
(typically 120 seconds) at a data processing so that we may not lose the 
signal coherence during the integration period and to obtain maximum 
signal-to-noise ratios. Taking account of the time necessary to attain tape 
synchronization in the correlation processing, 196 seconds period was 
chosen as the actual observation time. This relatively short integration 
time means that we have to choose stronger radio sources in the 
observation schedules.

In the first geodetic VLBI experiment by WPVN conducted in 1989, 
local radio interference was found to affect seriously in the S-Band data at 
Minamitorishima station. From the next experiment, the observation 
frequencies were shifted to avoid such interferences. In 1990, in addition 
to the regular stations, namely Kashima, Shanghai and Minamitorishima, 
the Fairbanks VLBI station joined one of the experiments. In 1991, in 
order to get more precision in geodetic results, continuous 168 hour (7 
days) VLBI experiments were conducted between Kashima and 
Minamitorishima stations. The Shanghai stations took part in two 24- 
hour portions of this long observing session. In 1992, VLBI experiments 
were done twice using Kashima, Minamitorishima and Shanghai stations.

1.3 Data Analysis
In the baseline analysis, we used only the group delay data. Our 

data analyses are based on the following two software systems. The first 
one is the CALC (ver.6) developed by the Goddard Space Flight Center 
(GSFC). It is used for the calculation of the partial derivatives and the 
theoretical delays. The other one is our own software system called Acos 
Software System (ASS), which is used for the least-squares parameter 
estimation. Data analyses are performed independently for individual 
observing sessions. Cable delay corrections are applied to all the observed 
delay data. Ionospheric delay corrections are done by forming an 
ionosphere-free linear combination of the delays in two observing 
frequencies (X and S bands). Clock offsets were modeled as polynomials of 
time and breaks were inserted where necessary. Dry components of 
tropospheric delays are removed beforehand using the Saastamoinen 
model (Saastamoinen, 1972) to calculate the zenith delays and the CFA2.2 
mapping function (Davis et al., 1985) to convert them to the line-of-sight 
directions. This mapping function is also used when we estimate the wet 
components of tropospheric zenith delays. They were modeled as 
continuously changing values with new changing rates estimated every 
six hours. An a-priori constraint of 50 psec/sec was applied as the 
changing rate differences between adjacent intervals (Heki, 1990).

To estimate the station coordinates, the position of Kashima is fixed 
because it is well determined in the terrestrial reference frame. In some 
of the experiments, the older 26 m antenna in Kashima was used instead 
of the main 34 m antenna. In these cases, the obtained baseline vectors 
were converted to those with 34 m antenna using the baseline vector 
between these two antennas which had been independently determined by 
VLBI experiments (Koyama et al., 1991).

1.4 Geodetic results
Baseline length changes between Kashima, Shanghai and 

Minamitorishima stations are shown in Fig.2(a-c). In addition to WPVN 
experiments, Kashima and Shanghai have been regularly participating in
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international VLBI experiments called PPM-S (Pacific Plate Motion - 
South) where Fairbanks (Alaska, USA), Kauai (Hawaii, USA) and 
Tidbinbilla (Canberra, Australia) are participated. Baseline length 
obtained in these experiments (Ma et al., 1992) are also included to 
analyze the Kashima-Shanghai baseline vector change.

Heki & Yoshino (1990) gives two different predictions for the 
baseline length changes for these stations. The first estimate is based on 
the assumption that the Shanghai and Kashima stations are fixed on the 
Eurasian plate and that the Minamitorishima station is fixed on the 
Pacific plate. The first predicted baseline length changes are-9.0 cm/yr 
(Kashima-Minamitorishima), -9.6 cm/yr (Shanghai-Minamitorishima) and 
0.0 cm/yr (Kashima-Shanghai). We used NUVEL1 model (DeMets et al., 
1990) as the plate motion model. The second prediction takes account of 
the displacement of the Kashima station with respect to the Eurasian 
plate due to the east-west contraction of the Northeast Japan (Heki et al., 
1990). This contraction is thought to be caused by the compressional 
stress fields applied by the subducting Pacific plate. In the second 
prediction, changing rates of the baseline length are -6.8 cm/yr (Kashima- 
Minamitorishima), and -2.2 cm/yr (Kashima-Shanghai). In both of these 
predictions, Shanghai and Minamitorishima stations are assumed to be 
fixed on the Eurasian and Pacific plates respectively. We test the validity 
of this assumption in the following section.

1.4.1 Movement of Shanghai
Observed baseline length change between Kashima and Shanghai 

is -2.90 +/- 0.26 cm/yr. This supports our assumption that the Kashima 
station is moving west-northwestward with respect to the stable interior 
of the Eurasian plate. However, the observed rate is significantly (at 95 % 
confidence level) larger than the predicted one (-2.2 crn/yr). Because the 
movement of Kashima station is based on the actual measurements by 
VLBI (i.e., no assumption was made on its movement), this is considered 
to be due to the movement of Shanghai station with respect to the 
Eurasian plate. In order to clarify the movement vector of Shanghai, we 
studied the baseline length changes between Shanghai and other stations 
in the PPM-S VLBI network, which consists of Fairbanks (Alaska, North 
American plate), Kauai (Hawaii, Pacific plate) and Tidbinbilla (Canberra, 
Australian plate). These baselines have been measured since 1988.

According to NUVEL1, the baseline length change between 
Shanghai and Fairbanks is -0.3 cm/yr while the observed change was -0.79 
+/-0.24 cm/yr. This is slightly smaller than the prediction but the 
difference is not significant. Baseline length change in Shanghai- 
Fairbanks and Shanghai-Kauai are observed to be -8.00 +/- 0.27 cm/yr and 
-6.06 +/- 0.33 cm/yr respectively. NUVEL1 predicts them to be -7.29 cm/yr 
and -5.31 cm/yr respectively. Hence the differences between them are 
significant (> two sigmas). These differences suggest that the Shanghai 
station is moving east-southeastward with respect to the stable interior of 
the Eurasian plate.

We can estimate the horizontal movement of a station using 
baseline length change assuming that the difference between predicted 
and observed changes are due to the movement of this station with respect 
to the plate on which the station is supposed to reside. In this case, 
horizontal velocity of Shanghai with respect to the Eurasian plate is 
estimated to be 9.4 mm/yr toward N102E (depicted as 'observed-1' in
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Fig.3). This is also found to be significantly (at the 99% confidence level) 
different from zero.

Ma et al. (1992) gives the velocities of all the VLBI stations in the 
world obtained by a combined parameter estimation using all the geodetic 
VLBI data. Because VLBI can only determine the 'relative* positions, 
there is, however, a rotational and translational freedom in these vectors. 
We estimated three rotations about geocentric x,y and z axes so that the 
velocities of some of these stations best coincide with those predicted by 
no-net-rotation NUVEL1 (nnr-NUVELl) model (Argus & Gordon, 1991). 
We selected Kauai, Fairbanks, Wettzell(Germany) and Onsala (Sweden) 
stations to obtain the rotation values. They all lie in the stable interior of 
the plate and their velocities are very well determined by frequent VLBI 
observations. Then by applying the obtained rotation for all the stations, 
we got the velocity vector of each station in the nnr-NUVELl frame. Then 
by comparing these vectors with those calculated from nnr-NUVELl, we 
get displacement vectors of the stations with respect to the plate to which 
the station is supposed to belong. It is shown in Fig.4 as 'observed-2'. It 
is well coincident with 'observed-1'.

Molnar & Tapponnier (1975) suggested that the northward 
movement of the Indian plate after its collision about 40 Ma ago with the 
Asian continent is partly compensated by the eastward extrusion of 
several continental blocks. Recently Armijo et al. (1989) analysed the 
displacement rate of major strike-slip faults in the Central Asia and 
proposed the instantaneous movement parameters (Euler pole position 
and rotation rate) of one of the blocks (North Tibet block) which is being 
extruded. We tentatively assume that this North Tibet block and the 
South China block to which Shanghai belong move as a single block. This 
assumption may not be appropriate because there is a reverse fault 
system (Lungmen Shan Faults) between these blocks which may make the 
eastward movement of the South China block smaller. However, this 
assumption would give us the maximum estimate of the eastward 
movement of the Shanghai station. The 'expected' vector in Fig.3 shows 
the calculated velocity assuming the south China block rotates about the 
same Euler pole as the north Tibet block. It is about 1.2 cm/year in the 
direction of N100E (Fig.3). The observed vectors are slightly shorter but 
in the same direction as the expected vector. This strongly suggests that 
the observed movement of Shanghai station is explained by the eastward 
extrusion of the South China block associated with the collision between 
the Indian and the Asian continents.

1.4.2 Movement of Minamitorishima
Fig.2a and 2c show the length change of the Kashima- 

Minamitorishima and Shanghai-Minamitorishima baselines. The former 
baseline length is changing at a rate of -76.7 +/- 4.4 mm/yr. This is larger 
than the predicted value of -6.8 cm/yr (Heki & Yoshino, 1990), which is the 
rate predicted by fixing Minamitorishima on the Pacific plate and 
introducing the velocity of Kashima in Heki et al. (1990). The difference is 
slightly larger than the two sigma uncertainty. The changing rate of the 
latter baseline length is -118.7 +/- 6.7 mm/yr. This is larger than -9.6 
cm/yr (Heki & Yoshino, 1990), predicted by fixing Minamitorishima and 
Shanghai on the Pacific and Eurasian plates respectively. If we assume 
the movement of the Shanghai station estimated in the previous section, 
the prediction is -10.5 cm/yr but about one centimeter per year excess
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shortening still remains. These may suggest that this part of the Pacific 
plate is moving faster by about one tenth than NUVEL1 model predicts.

Minamitorishima is about 1000 km from the nearest plate 
boundary. Heki et al. (1992) showed that episodic movements at the plate 
boundaries triggers the inward propagation of the velocity 'pulses' into the 
plate interiors. This process results in the gradual change of the purely 
episodic ground movements near the boundaries to the purely continuous 
movements in the interiors. In the area at a medium distance from the 
boundaries, this model predicts the alternation of the acceleration and 
slowing down of the plate motions with the period of episodic plate 
movements at the boundaries. Now we assume 100 km for the 
lithospheric thickness, 200km for the asthenospheric thickness and 5 x 
10E19 poise for the asthenospheric viscosity. Then the irregularity of the 
plate speed amounts up to plus minus 10 percent of the average velocity 
(Fig.5), that is, the excess speed of 1 cm/yr of the Pacific plate around 
Minamitorishima is physically possible. Observed baseline length 
changes are still not accurate enough and it is still premature to make a 
decisive conclusion, these experiments may lead us to a better 
understanding of the physical property of the plates and the subduction 
process at trenches.

2. Domestic VLBI experiments

2.1 Introduction
CRL and Geographic Survey Institute (GSI) of Japan have carried 

out a series of geodetic VLBI experiments called JEG (Japanese 
Experiments for Geodesy) on the 55 km baseline between Kashima VLBI 
station and a 5 m transportable VLBI station at Tsukuba, about 50 km 
west of Kashima (Fig.6). This baseline is relatively short and is suitable 
for intercomparisons with other techniques such as the conventional 
ground survey results (Imae, 1991) and Global Positioning System (GPS). 
Both of the station are located in the southern part of the Ibaraki 
Prefecture, which is considered to be one of the stable regions with little 
local crustal deformations in Japan (Fujii et al., 1985). Due to these 
points, this baseline is used for the research and development in Japanese 
geodetic VLBI as a Japanese 'standard baseline'.

In fact, this baseline has been used to test some innovative VLBI 
techniques. The compact frequency standard composed of a crystal 
oscillator and a Cesium-beam clock (Kiuchi et al., 1989) used in the 
Minamitorishima VLBI station was first tested using this baseline. A 
wave front clock (Kiuchi & Kondo, 1991) technique was also tested in 
this baseline.

This baseline have been measured once or twice a year since 1984. 
In 1992, two more VLBI stations, namely Koganei station with 3m 
antenna at the CRL, about 30 km west of the central part of Tokyo and 
the station with 2.4m antenna at Kanozan (Mt. Kano) in Boso Peninsula 
were added to the original JEG experiment to extend a local VLBI 
network, which is called the Metropolitan Diamond Cross (MDX) network 
(Fig.6). MDX experiments were carried out three times in 1992 without 
Kanozan station. Bi-monthly MDX VLBI experiments are conducted since 
1993. In addition to the establishment of the standard baseline, the MDX 
experiments have another aim to reveal crustal deformation around the
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Tokyo metropolitan area where a large earthquake is anticipated in the 
near future.

2.2 Experiments
We have performed series of JEG experiments thirteen times from 

1984 to 1991. K-3 data acquisition systems (Kawaguchi et al., 1982) and 
hydrogen maser frequency standards were used at both stations. In the 
first experiment (JEG-1), we determined delays only for 47 observations 
because the correlated flux density of some radio sources had been 
overestimated. The observation schedule was improved from the second 
experiment by including stronger radio sources such as 3C84 and 3C273B. 
Although they are not point sources, they are not resolved with such a 
short distance radio interferometer.

2.3 Data Analysis
In the data analysis, tropospheric delays were corrected in the same 

way as the WPVN experiments except that the zenith tropospheric delays 
were estimated as the difference from a reference station (i.e., zenith 
delays of one of the stations was fixed to zero) since the elevation 
differences are not large enough to enable separation of the tropospheric 
delays among the stations. Ionospheric delays were not corrected because 
the baseline length is considered short enough to assume ionospheric 
conditions for individual stations identical. Station positions, radio 
source positions and earth orientation parameters were kept consistent 
throughout the experiments by adopting values in Ma et al. (1989) 
whenever possible.

2.4 Geodetic results
The estimated positions of the Tsukuba station with respect to 

Kashima are shown in Fig. 7a. Root mean square dispersion of the 
estimated position around their mean position is better than one 
centimeter in the horizontal plane but as large as a few centimeters in the 
vertical axis due to the lack of the enough number of low elevation 
observations (Heki, 1990). Fig.7a also indicates that both the error 
ellipsoids and their dispersion are smaller in winter. This is thought to 
imply relatively dry tropospheric conditions in this region, where the 
daily mean vapor pressure fluctuation is usually around 5 mbar in winter 
while they are from 20 to 30 mbar in summer (Japan Meteorological 
Agency, person, comm.). Using the Chi-square statistical test at 95 % 
confidence level, there are no systematic changes in the estimated 
Kashima-Tsukuba baseline vectors. Fig. 7b shows the estimated positions 
of the Koganei station newly added when JEG experiments evolved into 
the MDX experiments. Station position repeatabilities are not so good as 
the Tsukuba station because of the small antenna aperture but this will 
be overcome by further innovating the VLBI data acquisition terminals 
such as wider-bandwidth receiving and data recording systems.
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Figure Captions

Fig. 1
Stations in the Western Pacific VLBI Network (WPVN) and plate 
boundaries around Japan. In this paper, results of geodetic VLBI 
experiments are discussed among Kashima, Shanghai and 
Minamitorishima stations.

Fig. 2
Baseline length changes (a) between Kashima and Minamitorishima,
(b) Kashima-Shanghai and (c) Shanghai and Minamitorishima.

Fig. 3
Movement of the North Tibet block with respect to the stable interior of 
the Eurasian plate. This is based on the Euler pole of the block obtained 
by Armijo et al. (1989) by analyzing the slip rate of the major strike-slip 
faults such as Altyn-Tagh Fault. Movement of the South China block was 
obtained assuming that this and the North Tibet block behave as a large 
single block. The movement of the South China block is thought to be 
slightly smaller due to the reverse fault system (Lungmen Shan Fault 
system) separating these two blocks.

Fig. 4
Velocity vectors of the Shanghai VLBI station with respect to the (stable 
interior of the ) Eurasian plate. The first observed vector is estimated 
using the baseline length changes with Kashima, Fairbanks (Alaska), 
Kauai (Hawaii) and Cambella (Australia) VLBI stations. The second 
observed vector is obtained by rotating the velocity vectors of world-wide 
VLBI stations (Ma et al., 1992) so that they best coincide with no-net- 
rotation NUVEL1 (Argus and Gordon, 1991). The predicted vector is 
obtained by assuming the Shanghai station fixed on the 'North Tibet1 
block in Armijo et al. (1989).

Fig. 5
Fluctuation of the plate velocity of a oceanic plate near the subduction 
zone. The plate is assumed to move in a purely episodic manner at the 
subduction zone and these movements propagate into the plate interior to 
form a purely continuous movement there (Heki et al., 1992). Thickness 
of the overlying plate and the underlying asthenosphere were assumed to 
be 100 km and 200 km respectively and we used 5 x 10E19 poise for the 
asthenospheric viscosity. Episodic movements are supposed to occur every 
century as earthquakes with slips of 10 meters. Plate velocity during 100 
years after an episodic movement shows larger fluctuations for a point 
closer to the boundary. Fluctuation is about +/-10 % for a point 1000 km 
apart from the boundary. This suggests the excess velocity of about 1 
cm/yr at Minamitorishima physically possible.

Fig. 6
Metropolitan Diamond Cross (MDX) VLBI network started in 1992 to 
monitor the crustal deformation around the Tokyo area. Kashima- 
Tsukuba baseline has been frequently measured since 1984 to establish a 
'standard baseline' which could be used for research and development
purposes.

125



Fig. 7
Estimated positions of (a)Tsukuba and (b)Koganei VLBI stations projected 
onto horizontal and vertical planes. Error ellipses indicate one-sigma 
formal errors. It is clear that the coordinate repeatability is better in 
winter due to the relatively dry atmospheric condition.
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New Bathymetric Survey and Processing System 
based on Sea Beam 2000

Akira ASADA and Shigeru KATO

Hydrographic Department, Japan Maritime Safety Agency 
Tsukiji 5-3-1, Chuo-ku, Tokyo 104 Japan

Abstract

The Hydrographic Department, Japan Maritime Safety Agency 
has installed a most advanced bathymetric surveying system, 
called Sea Beam 2000 on the newly built survey vessel Meiyo in 
October 1990, with the close cooperation of SeaBeam Instruments 
Inc.

The present Sea Beam 2000 has become to have a good 
capability of 120 deg. swath width and side scan image output of 
the deep sea floor by combining interferometric technology since 
February 1992. By adopting the interferometric technology, the 
resolving performance of bottom reflection wave and the 
reliability of the multibeam depth measurement are improved 
remarkably.

During the stage of the designing and developing of the 
project to built a new Meiyo, a new integrated navigation system 
and a new data processing system for the Sea Beam 2000 were 
contributed. For example, the computer program which eliminates 
1 or more percent of abnormal data by automatically identifying 
abnormalities based on the continuity of the topographic feature 
was very useful.

As the Sea Beam 2000 records additionally intensity data of 
121 beams, a intensity map by using a digital color photograph 
printer was made after the corrections of angle and position of 
the beam intensity data. Furthermore, we also made a 
3-dimensional map by using with depth data. The color 
3-dimensional intensity map is useful to examine the detail 
tectonic landform of the sea floor, such as fissure, fault 
escarpment and fold structure.
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Introduction

Large Earthquakes around Japan have been occurred along the 
plate convergent boundary. First priority area for the 
earthquake prediction project of Japan is the large earthquakes 
zone occurred along the convergent boundary of plates. However, 
the basic data have not yet been prepared such as topographic 
map and the distribution of active faults because of the 
difficulty of the seabottom survey.

Detail relief of the sea floor is very important 
information in order to examine the tectonic structure concern 
with earthquake mechanism. Because tectonic landform which is 
the evidence of the crustal movement accompany with the big 
earthquakes can easy be preserved on the sea floor rather than 
land topography.

The Hydrographic Department of Japan Maritime Safety Agency 
has been taking charge of fundamental seabottom bathymetric 
survey and earth crustal survey by the method of seismic 
profiling (Kato, 1987) . During the carrying forward the scheme, 
some technical evolution has been experienced in the field of 
the sea floor survey methods.

This paper described the outline of a new technology of the 
sea floor survey and the trial of the practical use expected for 
earthquake prediction research along convergent boundaries of 
plates.

New surveying and processing system

Installation of the multi beam sounding survey system 'Sea 
Beam 1 was a revolutionary event in the fields seabottom survey in 
1983 (Asada and Nakanishi, 1986). Detail bathymetry map along 
the trench and trough surveyed by the system revealed many 
remarkable fault escarpments and the structure of accretionary 
prism (Kato, 1991) . Meandering canyon along the Sagami Trough 
was the most surprising submarine topography (Asada, 1986) .

On the other hand, acoustic backscattering measurement 
method for deep sea floor such as Grolia, Seamark II or 
IZANAGI(Yamamoto et al.,1992) was also remarkable progress. 
Side scan image map is very useful due to its detail texture of 
sea floor surface for trace the faults and fracture. However, 
these side scan sonars have to be towed a large equipment and 
cannot obtain the accurate water depth.

The Hydrographic Department has installed a most advanced 
bathymetric surveying system, called Sea Beam 2000 on the newly 
built survey vessel Meiyo in October 1990, with the close 
cooperation of Sea Beam Instruments Inc.
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The present Sea Beam 2000 has become to have a good 
capability of 120 deg. swath width and side scan image output of 
the deep sea floor by combining interferometric technology since 
February 1992 (Asada,1992). Figure 1 shows the beam pattern of 
the Sea Beam 2000. Both accurate water depths and acoustic 
backscattaring image map can be obtain by the system. By 
adopting the interferometric technology, the resolving 
performance of bottom reflection wave and the reliability of the 
multibeam depth measurement are improved remarkably.

As the Sea Beam 2000 records additionally intensity data of 
121 beams, a intensity map by using a digital color photograph 
printer was made after the corrections of angle and position of 
the beam intensity data. Furthermore, 3-dimensional map by 
using with depth data was also made.

Both accurate water depths and acoustic backscattaring 
image map can be obtain by the system. Because of released 
from the towing work the survey operation becomes easily.

Trial of the practical application

1) Practical survey off Izu Peninsula and tectonic setting of 
the survey area

Practical survey of the new survey system conducted by the 
survey vessel Meiyo which installed the Sea Beam 2000 system in 
March 1992.

The survey area located in the northern border of 
Philippine Sea plate across the Eastern Izu Tectonic Line(EITL). 
Figure 2 shows the location of the survey area and with 
bathymetry. EITL was supposed one of the important tectonic 
line in the plate boundary zone.

Compression of N-S direction is prominent in the survey 
area (Ukawa, 1991) under the influence of movement of Philippine 
Sea plate. Major topographical features such as Hyotanse and 
Zenisu Ridge elongates with NE to SW direction which ran 
parallel to EITL. An earthquake fault named Irozaki Fault 
appeared at the associated with 1974 Izu-hanto oki Earthquake. 
The fault is located the southernmost of Izu Peninsula which run 
with NW-SE direction.

2) Minor topography analysis

Figure 3 shows the bathymetric chart off Izu Peninsula 
processed by the meshed Sea Beam 2000 depth data. It is easy to 
understand that the Izu Spur elongated from the Izu Peninsula is 
nonsymmerty with both slopes, and Drainage of the Iro Canyon is 
restricted by tectonic structure.
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Figure 4 shows a post processing intensity map of the same 
area. Bright area which is the strong reflection area is 
supposed the rock outcrop or rough sea floor. Dark color area 
which is the weak reflection area is supposed the mud and fine 
sediment covered sea floor. Figure 5 shows the 3-dimennsional 
intensity map and Figure 6 shows the interpretation map of the 
sea floor texture based on the bathymetric and intensity maps.

Several tectonic and sedimentological characteristics of 
the survey area examined by the bathymetric and intensity maps 
are as follows;

a) Tectonic lineament with NE-SW direction along the EITL is not 
recognized. It means the EITL in the area is not active.

b) In the Izu Spur and Iro Canyon Area tectonic lineaments (LI 
-L7 in Figure 6) with the direction of NNE-SSW are dominant.

c) Some tectonic lineaments with NW-SE direction (L8-L10) are 
recognized. The direction is parallel to the Irozaki fault. L8 
is the remarkable tectonic lineament with some meter 
displacement which is not extract from the bathymetric chart. 
It is possible that L8 is an earthquake fault appeared at the 
Izuhanto oki eathquake.

d) Small drainage system is developed the southeastern slope of 
the Izu Spur and the southern area of Hyotanse.

e) A canyon floor with bright color caused by deepening (VI) and 
a meandering canyon with dark color axial line (V2) can be 
detected easily.

Conclusion

The characteristics of the new bathymetric survey and 
processing system are as follows;
1) Onboard operation becomes easily and efficiently rather than 
side scan sonar for deep waters.
2) It is easy to grasp the traces of the recent crustal movement 
from the intensity image.
3) It is useful for the tectonic and sedimentological detail 
analysis combined bathymetry and intensity image.
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Figure 1 Beam pattern of the Sea Beam 2000

Figure 2 Bathymetric map around Izu Peninsula. Box shows the 
survey area. 137
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Statistics of earthquake precursors in Japan in the 20 years preceeding the end of 1990

Kazuo Hamada

NIEDlNational Research Institute for Earth Science and Disaster Prevent 
Tsukuba-shi, 305 Japan

The national program of earthquake prediction in Japan was launched in 1965 with financial support 
from the government. Since then earthquake prediction related work: surveys, observations, and 
research in the fields of seismology, geodesy, geo-electromagnetism, geo-chemistry, and geology 
have been progressing step by step.

The present author has been systematically observing precursors to earthquakes and has carried out 
analysis to determine experimental regularities, particularly for the 20 years preceeding the end of 
1990. The author presents here: 1) characteristic features of precursors from the statistical viewpoint, 
and 2) examples of multiple precursors to several earthquakes.

Generally speaking earthquake precursors are not defined in the strictest sense. When anomalies are 
found in seismic or geodetic observations and these anomalies are thought to have a causal relation to 
the following earthquake, such anomalies are reported as possible precursors. There is no complete 
evidence for such anomalies in most of the cases. However, at the same time there is no complete 
evidence to deny that they are precursors either. In order to avoid complication the author uses the 
word "precursor" for a possible precursor. The degree of a precursor's validity depends on each case.

The table below lists the number of precursors to earthquakes with 5.0<M within the space time 
domain including the Japanese mainland. The table also includes the proportion of the number of 
earthquakes associated with precursors to the number of all earthquakes (B/C) and the rate of the 
number of precursors to the number of earthquakes associated with them (A/B). The table displays 
very advantageous, convenient statistics; larger earthquakes have a tendency to be accompanied by 
more precursors and the rate of the number of precursor-associated earthquakes to all earthquakes 
increases significantly with magnitude. Approximately 80% of earthquakes are accompanied by 
precursors for the magnitude range 7.0<M<8.0, while it is only 8% for the magnitude range 
5.0<M<6.0. An average number of precursors is 6.9 for earthquakes with 7.0<M<8.0, while it is 
only 1.7 for earthquakes with 5.0<M<6.0.

All the earthquakes were selected in the space domain:29.3°-45.7°N,
128.0°-147.0 E, and depth<90 km, which includes the Japanese mainland.
A:The number of precursors.
B:The number of earthquakes associated with the precursors.
C:The number of all earthquakes within that time period and magnitude range.
A/B:Ratio A to B. B/C:Ratio B to C.

5<M<6 6<M<7 7<M<8

Period:
1971-90

A:
B:
C:
A/B:
B/C:

123
71
928
1.7
8%

103
32
99  
3.2
32%

76
11
14
6.9
79%

Several examples of multiple precursors of the following earthquakes will be demonstrated. 
Name Y.M.D. Lat. Long. Dep. M The number of

precursors
Off Nemuro Peninsula 19730617 42.967145.95040 7.4 9 
Near Izu-Oshima Is. 1978 01 14 34.767 139.250 0 7.0 23 
Off Miyagi Prefecture 19780612 38.150142.16740 7.4 12 
Off Ibaraki Prefecture 19820723 36.183141.95030 7.0 9 
Off Akita Prefecture 19830526 40.350 139.083 14 7.7 8
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A CONSTITUTIVE LAW FOR RATE OF EARTHQUAKE PRODUCTION 

AND ITS APPLICATION TO EARTHQUAKE CLUSTERING

James H. Dieterich

U. S. Geological Survey

Menlo Park, California

ABSTRACT

Seismicity is modeled as a sequence of earthquake nucleation events in which the 

distribution of initial conditions over the population of nucleation sources and stressing 

history control the timing of earthquakes. The model is implemented using solutions for 

nucleation of unstable fault slip on faults with experimentally derived rate- and state- 

dependent fault properties. This yields a general state-variable constitutive formulation for 

rate of earthquake production resulting from an applied stressing history. To illustrate and 

test the model some characteristics of seismicity following a stress step have been explored. 

It is proposed that various features of earthquake clustering arise from sensitivity of 

nucleation times to the stress changes induced by prior earthquakes. The model gives the 

characteristic Omori aftershock decay law and assigns physical interpretation to aftershock 

parameters. Earthquake data appear to support a model prediction that aftershock duration, 

defined as the time for rates to return to the background seismicity rate, is proportional to 

mainshock recurrence time. Observed spatial and temporal clustering of earthquake pairs 

arise as a consequence of the spatial dependence of stress changes of the first event of the 

pair and time-dependent nucleation. Applications of the constitutive formulation are not 

restricted to the simple stress step models investigated here. It may be applied to stressing 

histories of arbitrary complexity. The apparent success at modeling clustering phenomena 

suggest the possibility of using the formulation to estimate short- to intermediate-term 

earthquake probabilities following occurrence of other earthquakes and for inversion of 

temporal variations of earthquake rates for changes in driving stress.
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INTRODUCTION

Change of the rate of production of earthquakes is a readily observed and characteristic 

feature of earthquake occurrence. Physical causes of temporal variations of seismic activity 

remain poorly understood. However, various characteristics of earthquake activity indicate 

a connection between alteration of stress and earthquake rates. Significant geologic events 

which modify stress state are often associated with pronounced changes of the rate of 

production of earthquakes. Examples, include aftershocks following large earthquakes, 

earthquake swarms associated with magma intrusion processes and systematic variation of 

background seismicity through the stressing cycle of great earthquakes [for example, 

Ellsworth and others', 1981]. Also, changes of effective stress related to impoundment of 

reservoirs and fluid injection into deep wells are well-known to alter seismicity. Finally, at 

distances generally not associated with aftershocks, Reasenberg andSimpson [1992] have 

reported correlations between small stress changes calculated for the 1989 Loma Prieta, 

California earthquake and small changes in the rates of production of background 

seismicity.

This paper presents a general approach for obtaining rate of earthquake production 

resulting from some stressing history. The concept is implemented for faults with rate- and 

state-dependent constitutive properties which are derived from laboratory fault slip 

experiments. Previously, some effects of stress perturbations on rate of earthquake 

occurrence and earthquake probability have been simulated for faults with these properties 

[Dieterich, 1986; 1987, 1988b]. Those previous applications employed numerical 

simulations or limited closed-form solutions. The following presents a general constitutive 

formulation for rate of earthquake production on faults with rate- and state-dependent 

friction. The formulation is amenable to exact solution for simple stressing perturbations 

and by straight-forward numerical implementation it may be applied to stressing histories of 

arbitrary complexity. To illustrate and test the model some applications to earthquake 

aftershocks and earthquake clustering are presented.

Table 1 lists symbols used in this study and equation numbers where the symbols first
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appear.

MODEL

General formulation. In the following discussion the term 'earthquake nucleation1 

is used to describe the processes and interactions that lead to the initiation of an earthquake 

instability at some specific place and time. Nucleation is assumed to occur over a restricted 

region which is referred to as a nucleation source. The essential concept of the analysis is 

the treatment of a seismically active volume of the earth as having a population of sources 

that nucleate successive earthquakes to produce observed seismicity. The objective is to 

find the time at which each source in the population initiates an earthquake by following the 

evolution of conditions on the sources when subjected to some stressing history.

To implement this proposition requires a specific model of the earthquake nucleation 

process. The general formulation scheme developed in equations (1) through (4) can be 

employed for any model of the earthquake nucleation process. Constitutive properties and 

system interactions that provide a mechanism for the onset of unstable fault slip must be 

specified giving the time t at which a particular source nucleates an earthquake from initial 

conditions and stressing history:

(1)

where C represents initial conditions and r(r) is some general stressing history. For 

example, in a model with instantaneous nucleation at a stress threshold, C might be 

expressed as the initial stress relative to the stress threshold. In this work, which is 

implemented for a model of time-dependent nucleation, C is the initial slip speed on the 

nucleation source.

Changes of stress state within the volume containing the population of nucleation 

sources may arise from external processes and possibly from earthquakes occurring within 

the volume. As used here, stressing history may also include changes of effective normal
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stress brought about by pore pressure changes. The volume is assumed to be sufficiently 

small such that all sources experience the same changes of stress although conditions, 

which include initial stress state, will vary over the population of sources.

The work employs the convention of redefining C at the start of every time step in 

situations where time stepping is employed to follow the evolution of conditions. In 

general, the distribution of initial conditions at the start of a time increment will be 

determined by the prior stressing history and the prior distribution. Consequently, a 

distribution of initial conditions under some reference stressing history is first constructed. 

In setting up the reference distribution it is assumed that a constant steady-state seismicity 

rate r develops under a condition of stressing at the constant reference rate, rr . Hence,

t=n/r (2)

where n is the sequence number of the earthquake source and indicates the flth source in 

the distribution. Although strictly regular seismicity is assumed for construction of the 

reference distribution, the constant rate r may be interpreted as a statistical measure of 

expected rate of earthquake production for some magnitude interval (i.e. Poisson model of 

occurrence). This appears to be the simplest assumption to make for defining the 

distribution. Alternate assumptions to (2) might be to specify a non-steady distribution of 

earthquakes over time, based for example, on models of stress heterogeneity or variation of 

seismic potential through the cycle of great earthquakes. For the specific implementation 

developed below, use of steady-state rate appears to be adequate, at least over time intervals 

that are small compared to the mean recurrence time of major crustal earthquakes.
 

Equating (2) with the specific solution of (1) for the constant stressing rate rr , gives 

the distribution of initial conditions that yields the constant reference seismicity rate

 

C = G(rt, r, rr ) . (3)

Substituting the distribution of initial conditions into the general solution of (1) gives the 

distribution of earthquake times for the general stressing history
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Because stressing histories may be rather complicated, involving stress jumps and 

irregular fluctuations, practical applications may require numerical treatment - for example, 

by time-marching, using steps composed of simple stressing functions. In order to update 

initial conditions for each time step, such applications require determination of the change 

of C at the sources, arising from the stressing history and the nucleation process.

As formulated, this approach does not predict magnitude of the earthquakes, but 

because it yields rate of production of earthquakes in response to a stressing history, it can 

be combined with magnitude-frequency relations or may be used with stochastic models 

that employ seismicity rate.

Implementation using rate- and state-dependent friction. Using solutions 

for the nucleation of slip instabilities on faults with rate- and state-dependent fault strength 

[Dieterich, 1992] the procedure just presented is followed to obtain a specific formulation 

for rate of earthquake production. In Appendix A derivations for the nucleation process on 

have been generalized somewhat from Dieterich [1992]. Appendix B derives the 

distributions of initial conditions and earthquake times corresponding to equations (3) and 

(4) respectively. Based on these results Appendix B further obtains a general formulation 

for rate of earthquake production. Results of those derivations are summarized below.

The rate- and state-dependent representation of fault constitutive properties provides a 

framework to quantify somewhat complicated experimental observations of fault properties 

and to unify concepts of dynamic/static friction, earthquake fracture energy, displacement 

weakening, time-dependent healing, slip history dependence and slip speed dependence 

[Dieterich, 1979a; 1981; Ruina, 1983]. In addition to representing observed transient and 

steady-state velocity dependencies during stable sliding, this constitutive relation has been 

applied to model the spontaneous time-dependent onset of unstable slip in laboratory 

experiments [Dieterich, 1979b; 1981; Ruina, 1983; Rice and Gu, 1983; Weeks and 

Tullis, 1985 Blanpied and Tullis, 1986; Okubo and Dieterich, 1986; Tullis and Weeks,
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1986;], fault creep [Scholz, 1988], earthquake afterslip [Marone and others, 1991] and 

the earthquake cycle along plate boundaries [Tse and Rice, 1986; Stuart, 1988].

Several essentially equivalent rate- and state-dependent fault constitutive representations 

have been discussed in the literature. A simplified form used by Ruina [1983], based on 

Dieterich [1979a; 1981] and generalized for multiple state variables [Rice and Gu, 1983] 

may be written as

= <7
e.

0*2
(5)

where T and <r are shear and normal stress respectively, 8 is slip speed, 6i are state 

variables. Parameters jU0 , A and B i are experimentally determined coefficients. The 

terms with asterisks are normalizing constants.

Applications to problems in nature have generally employed only one state variable. 

Simulations of some laboratory experiments has been improved by use of two state 

variables [Ruina, 1983; Weeks and Tullis, 1985; Tullis and Weeks, 1986]. Because 

little complexity is added, derivation of solutions for the nucleation process (Appendix A) 

and derivations pertaining to earthquake rates with populations of sources (Appendix B) 

retain the use of multiple state variables.

From experimental observations, state is inferred to depend on sliding and normal 

stress history. This study employs

(6)
1 17   

(

S D c .
i <? dd - ' «, e i '

B i(T

for evolution of state by displacement, 8 and normal stress, cr. In (6) D Ci is a 

characteristic displacement and a- is a parameter governing normal stress dependence of
 

0,. At steady state (a=constant, d0/dt=Q) 0SS -D c I 8. When not at steady-state, 6 

evolves toward 6SS. The displacement dependence of (6) is that proposed by Ruina
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[1983] and the normal stress dependence is from Linker and Dieterich [1992]. An 

alternate representation of displacement-dependence of 0, used in several studies [e. g., 

Tse and Rice, 1986; Tullis and Weeks, 1986] does not permit the simple derivations 

employed here, but numerical simulations of the nucleation process gives comparable 

results for the time dependence of earthquake nucleation for both evolution laws 

[Dieterich, 1992].

The nucleation process on faults with rate and state-dependent constitutive properties is 

characterized by an interval of self-driven accelerating slip that precedes instability. Over a 

range of stresses the logarithm of the time to instability is found increase with decreasing 

stress. Appendix A derives solutions for a simplified representation of the source that have 

been shown to be in excellent agreement with results of detailed numerical simulations. 

Simulations of faults with heterogeneous properties show a) the zone of most rapid 

acceleration tends to shrink to a characteristic fault length lc (Appendix A, equation A2) as 

the time of instability approaches and b) nucleation sources of length lc develop 

spontaneously in regions where the shear stress relative to the sliding resistance averaged 

over lc is higher than the surroundings. In the context of the current model the population 

of sources is postulated to arise from heterogeneity of fault conditions.

In general slip speed is determined by the independent variables 0, i, o. It is 

shown in Appendix A that in an accelerating slip patch 9 is determined by slip. Under 

this condition the dependence of the time to instability on initial conditions is fully specified
 

by the initial slip speed, S Q of the patch (Appendix A, equation A7). Slip speeds remain 

very small until a short time prior to the onset of instability. Hence, the interval of 

premonitory slip may be quite long.

Following the procedure described above the distribution of initial slip speeds from 

Appendix B is

S(n) =      -    = , where //=--- , (7)

HOT exp

i . 
ir n

Aor
- 1
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k is the effective fault patch stiffness and y is a state variable that evolves with time and 

stressing history. The term H does not appear again in the formulation. For the initial 

reference distribution corresponding to (3), y takes the value

(8)

Because slip speed increases as the nucleation process develops, the distribution of slip 

speeds evolves with time. Appendix B shows that the distribution retains the form of (7), 

independent of subsequent stressing history, but y evolves with stressing history as 

described by

dy- 1
A a

dt - ydi + (9)

where a=o/+a2+    for applications involving multiple state variables. Recall that <Jis 

taken to be effective normal stress, hence (9) may be employed to model effects of pore- 

fluid pressure changes on seismicity rates.
 

For positive shear stressing rates with <J=0, equation (9) has the property that y seeks 

the steady-state value,

(10)

with the characteristic relaxation time of (Ao/r ).

The distribution of earthquake times is obtained by substituting the distribution of initial 

conditions into the solutions for time to instability. In turn, seismicity rate, R is obtained 

by differentiating the distribution of times giving the general result
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where r is the steady-state seismicity rate at the reference shear stressing rate rr . From 

(10) and (11) it is seen that at steady state the ratio of seismicity rates (R/r) is simply
   

(r/rr ). Rate R may be interpreted as a statistical representation of expected rate of 

earthquake production for some magnitude interval.

Equations (9) and (11) are a principal result of this study and represent a state- 

dependent constitutive formulation for rate of earthquake production.

Some useful non-steady-state solutions of (9) are given in Appendix B. These include 

evolution of 7 with time under constant stress, linear change of shear stress with time and 

change of shear stress with the logarithm of time (equations B7, B17 and B21, 

respectively) and evolution of 7 for step of shear and normal stress (equation Bl 1).

Figure 1 plots the slip speed distribution of equation (9) against instability time. Also 

shown is the effect of a stress step on the distribution as given by (Bl 1).

Effects of simple stressing perturbations on seismicity rate may be obtained by

substituting solutions of (9) into (11) assuming the seismicity is initially at steady state
 

(70 = 1 / 1 ). For simulation of complex stressing histories a straightforward procedure to 

implement consists of breaking the stressing history into time steps of constant shear 

stressing rate and stress steps (of T and o) and successively applying the appropriate 

solutions to follow the evolution of 7 from increment to increment. Seismicity during a 

time step is then obtained by substituting the result for evolution of 7 with time (B7 or 

B17) into (11) and using as 70 the value of 7 previously obtained for the start of the 

increment. Alternatively, numerical solutions of (9) may be obtained.

Parameter values. To implement the model fault constitutive parameters A and a 

which appear in (9) and (11) must be specified. From laboratory observations coefficient 

A generally has values in the range 0.005 to 0.012 for various temperature and pressure 

conditions. Under hydrothermal conditions, it appears that somewhat larger values 

(A -0.02) may be appropriate [Blanpied and others, 1991, Blanpied, personal
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communication]. Numerical examples in the following use A =0.01. Experimental 

determination of a is presently limited to a single study [Linker and Dieterich, 1992] 

which obtained a = 0.23 and established generally that Q<a£steady-state friction.

APPLICATION TO EARTHQUAKE CLUSTERING

Seismicity rate following a stress step. To illustrate and test the model some 

characteristics of rate of earthquake production following a stress step have been explored. 

It is proposed that several types of clustered earthquake phenomena represent a perturbation 

of background seismicity resulting from the change of stress state caused by previous 

earthquakes.

In the interest of simplicity the stress step induced by a previous earthquake on the 

surrounding region is represented as a positive step in shear stress, AT, with normal stress 

held constant. The solution of (9) for a stress step (Bl 1) shows that a decrease of effective 

normal stress c produces the same qualitative effect as an increase of shear stress in that 

both decrease 7 and lead to higher rates of earthquake production. Subsequent evolution 

of 7 is independent of prior processes that caused 7 to change. Hence, time-dependent 

features described below that result from a positive step of shear stress would also arise

from negative steps of normal stress. The following applications further assume constant
 
r following a stress step and steady-state seismicity rate, r, before the step (i.e.

r0 =i/i)-
Under these assumptions, simple expressions may be obtained for seismicity rate. 

First, equation (Bll) is employed to evolve 7 through the stress step to obtain 7 

immediately after the step. This becomes 70 in (B7) or (B17) which then give the 

evolution of 7 for the subsequent time interval where stressing rate is assumed constant. 

Finally, the expressions for 7resulting from these operations are substituted into (11) to 

yield seismicity rate as a function of time after the stress step:
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R =

T 
  exp

Aa
-1

(12)

and

-Ar

ACT

,T=0 (13)

where, Tr and T are the stressing rate prior to and following the step, respectively, r is set 

to zero at the time of the stress step and

Aa
(14)

is the characteristic relaxation time for the perturbation of earthquake rate. Note that for
   

2iT=0, and T * Tr (12) gives the time-dependent change of seismicity for a change of
    

stressing rate from Tr to T. Figure 1 illustrates the effect of a stress step on the distribution

of slip speeds and its effect on the distribution of nucleation times.

Origin of aftershocks. It is proposed that aftershocks are caused by the step-like 

change of stress that occurs at the time of mainshock. Two general observations support 

this hypothesis. First, aftershocks often cluster in those areas near a mainshock rupture 

where stress changes favor aftershock fault slip, including zones off the principal fault 

plane [e.g., Stein and Lisowoski, 1983]. Second, sudden jumps of stress from causes 

unrelated to fault slip also stimulate aftershock-like bursts of seismicity followed by the 1/r 

decay characteristic of aftershock sequences. An example of the latter are aftershock-like 

bursts of seismic activity on the south flank of Kilauea volcano following dike intrusion
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events [Dvorak and Tanigawa, 1985].

Equations (12) and (13) are plotted in Figure 2. Note that equation (13) has the form of 

Omori's law for aftershock decay:

R = a
b + t (15)

Similarly equation (12) gives Omori's law for 11 ta < 1, but seismicity rate merges to the 

steady-state background rate for 11 ta > 1. This characteristic of (12) makes it a somewhat 

preferable representation of aftershock decay for many applications.

The agreement of this model with Omori's law permits assignment of physical 

interpretations to aftershock parameters. From (13) and (15):

a-

b = exp
Aa

'A a 1

i f 1

r

R 0

(16)

where R Q is the initial seismicity rate following the step at r=0. If stressing rate is the  
same before and after the mainshock ( t=t ) then from (14) (A<7) ltr- ia and

= ta exp
A <r R oj (17)

As shown in Figure 2 , normalized seismicity rates, Rlr for different stress steps all decay 

along the same 1/r asymptote. The characteristic time te for the rate to merge with the 

1/r asymptote is obtained by solving for the intersection of RQ with the asymptote formed 

by setting At = °° in (13) giving
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Aa I -At
(18)

See Figure 2 for graphical interpretation of te.

Aftershock duration. Aftershock duration is defined here as tat the characteristic 

time (equation 16) for aftershocks to return to the background seismicity rate. From (14) 

ta is independent of the magnitude of the stress step, but depends upon stressing rate. 

Assuming stressing rate can be approximated as the stress change on the mainshock 

rupture, Aie , divided by mean earthquake recurrence time, lr , gives

_A<J_ Ac
'*-    -''    . (19)

The negative sign in (19) arises because stress decreases on the earthquake rupture surface. 

A similar result is given by Dieterich [1988b]. Equation (19) constitutes a specific 

prediction of this model. In this prediction, earthquake magnitude does not explicitly affect 

aftershock duration, but will enter indirectly if tr is a function of magnitude. As a test of 

this predicted dependence of aftershock duration on recurrence time, some preliminary data 

for ta and tr have been assembled. Data sources and methods of parameter estimation are 

summarized in Table 2. Figure 3 plots the data and the predicted relationships between 

recurrence time and aftershock duration. These results, though quite preliminary and 

having large scatter appear consistent with the prediction of (19) and suggest that more 

systematic study of aftershock duration may be warranted.

Spatial effects due to non-uniform stress changes. Because aftershock rate 

depends on the magnitude of the stress step, systematic spatial variations of the magnitude 

of the stress change will result in systematic spatial variation of seismicity in the vicinity of 

a previous earthquake. The following gives a simplified representation stress change from 

slip on a planar surface in a homogeneous elastic media which should be common to all 

earthquakes:
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-1/2

-1 ,x>c , (20)

where c is crack radius and x is radial distance from the center of the crack. This 

approximation does not represent azimuthal dependencies of shear stress, but it does 

incorporate both the square root stress singularity at the crack tip and the stress fall-off by 

1/x3 at larger distances which are characteristic of cracks in an elastic medium. Equation 

(20) is employed to illustrate general characteristics of seismicity resulting from a non- 

uniform stress change in the vicinity of an earthquake rupture. Other stress components 

and stresses at locations not lying on the projection of the mainshock fault surface will 

show comparable distance effects. However, application of the model to specific 

aftershock patterns would of course require detailed computation of the entire stress field.

Substitution of (20) into (12) gives seismicity rate as a function of time and distance 

following a uniform stress change Are, on a circular crack:

R =

    
rr/T.

Aa

-1/2 \ 

-1

,X>C , T (21)

- 1 / exp
-t + 1

Using (19), the term Ate /A<j appearing in (21) may be replaced by -trlta . Figure, 4 plots 

rate as a function of distance at different times using (21).

The net seismicity rate originating from a finite region surrounding a mainshock is 

obtained by numerically integrating (21) over a region of interest assuming background rate 

r is the same everywhere in that region (Figure 5). For a finite region it is found that 

earthquake rate R decays by (1/r y, where /?=~0.8. This is in contrast to the decay by 

1/r arising at any point or for finite regions where the stress change is uniform. The
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decrease of decay rate derives from the dependence of te on magnitude of the stress step. 

At time t , some regions will be at t < te (rate approaches constant rate asymptote) while 

other regions will be at t > te (rate decays along the 1/r asymptote).

Figure 5 also illustrates a potential source of bias that can arise in estimation of 

aftershock parameters such as ta where the parameters vary in space. Estimates of 

aftershock duration may be seriously underestimated if regions with little or no increase in 

earthquake rate are included in the aftershock count. For example, in Figure 5 the 

cumulative rate over the region from x/c= 1.001 to xlc = 8 also shows an interval of decay 

with /?~0.8, but has an apparent aftershock duration that is much less than the actual 

aftershock duration.

Aftershock zones characteristically expand with time [Tajima and Kanamori, 1985; 

Wesson, 1987]. Apparent spread of an aftershock zone in the present model arises from 

the non-uniform stress change of the mainshock. Substituting the expression for At of 

(20) into (18) yields

te =ta exp
AT,

Aa

1 1/2 \" 
/ 3 \ 

1- C -1

I *<VV e i /_

,x>c , (22)

where the result of (19) may be used to replace the (Ave /aA) term. Recall that te is the 

characteristic time aftershock rate begins to merge with the 1/r asymptote. At distance 

<xe normalized rates Rlr begin to approach the same 1/r asymptote. Along the asymptote 

the normalized seismicity rate is independent of the original stress change. However, at 

x>xe , the normalized rates are smaller and scale by exp(^\T/A<r), where An decreases 

with distance. Hence, xe in (22) marks the location of the apparent edge of the aftershock 

zone at time te. As jce-»oo, te-^ta , and aftershocks merge with the background rate.

The position of xe at successive time steps is indicated in the example of Figure 4. 

Figure 6 plots xe against te from (22). The expansion curves of Figure 6 appear to be 

consistent with the aftershock observations of Tajima and Kanamori [1985] and Wesson 

[1987] for values of (tr /ta ) in the range 10 to 50 which are suggested by the data of Figure
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3. The predicted smooth expansion of the aftershock region shown in figure 6 assumes 

both idealized stress changes of (20) and that parameters r, A and a do not vary with 

location. Less systematic propagation of aftershock zones will occur if the restrictions of 

these assumptions are relaxed.

Non-constant stressing following an earthquake. Figure 7 illustrates 

seismicity for a sequence of stress steps representing a hypothetical stressing history 

consisting of a mainshock followed by two large aftershocks. This example assumes 

uniform stress changes over the region of interest and is computed using (B17) and (Bl 1) 

to follow the evolution of y through the several loading ramps and steps, respectively. 

Following each stress step, t is set to zero and the value of y at the end of the stress step 

becomes y0 for the next loading ramp. Note, that the calculated seismicity rate, when 

plotted against the logarithm of the time following the mainshock, appears to show that the 

duration of secondary aftershock sequences scale by the time following the mainshock. 

Note also that the effect of secondary aftershocks is to increase the slope of the aftershock 

decay. Both effects are artifacts of plotting the entire sequence against logarithm of time 

after the mainshock. If rates are plotted against logarithm of time following each later 

stress step, the slope of the decay following the step again gives p=l with characteristic 

time of decayra.

In general, non-constant stressing history following an earthquake stress step may alter 

aftershock decay rates. Figure 8 gives earthquake rate for a stressing history consisting of 

an initial stress step at f=0 followed by stressing that varies with the logarithm of time. 

Evolution of y was found by first applying equation (Bl 1) for a stress step then applying 

equation (B21) for stressing by logarithm of time. This example provides an 

approximation of effects that would arise from creep processes that add to or relax an 

earthquake stress step. If stress increases with the logarithm of time, the slope of the 

aftershock decay again gives p=l. Note however, that such loading can produce an initial 

build-up of earthquake rates prior to decay. If stress decreases by logarithm of time rapid 

decay withp>l is possible.

Earthquake clustering. Kagan and Jackson [1991] have assembled data on 

clustering of earthquakes. Their data employ several earthquake catalogues and give the
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space and time statistics of earthquake pairs above some magnitude threshold. The 

following is based on the Kagan and Jackson plots of all earthquakes (i.e. not declustered) 

above a magnitude cutoff. Hence, the data include independent events, foreshocks, 

aftershocks and other possible types of clustered events. The data are presented as the ratio 

of observed number of pairs compared to expected number assuming the Poisson 

occurrence. The normalized number of pairs are computed for cumulative time and 

cumulative distances from the first event of each pair. Each data set shows significant 

clustering of earthquakes characterized by an interval in which frequency decays with time 

by (l/ty with/?~0.8. Data for shallow earthquakes derived from the Harvard catalogue 

and for intermediate and deep earthquakes from the PDE catalogues are reproduced in 

Figure 9a, 9b and 9c, respectively.

These data have been modeled assuming the rate of occurrence of the second 

earthquake of all possible pairs is perturbed by the stress step of the previous earthquake as 

given by (21). Because the stress as given by (20) is singular at x=c, for this application 

(21) has been modified to limit the stress increase to a maximum value of -Afe . The 

simulations employ an idealized geometry of a seismogenic belt (Figure 10) which is 

represented as a surface of half-width W. The analysis assumes that before the first 

earthquake of any pair, the unperturbed background rate of seismicity is the same 

everywhere along the surface. The first earthquake in the pair has a radius c and is 

assumed to occur in the middle of the belt. Numerical integration of the modified version 

of equation (21) gives the cumulative number of earthquake pairs to time t from the first 

event and over the distance interval from x=c to x=2c, 4c, 8c etc. Because the Kagan 

and Jackson analysis began the count of pairs only after some finite interval of time had 

elapsed following the first event the integration for the simulations also began at finite 

elapsed time f0 . To obtain the model statistic equivalent to Kagan and Jackson, the net 

number of events cumulative to each time and distance was then normalized by the expected 

number assuming there was no interaction. All simulations assume the stressing rate 

before and after the first event are the same.

Results of simulations are plotted in Figure 9. Parameters ta , Ate /Ao=tr /ta , and W 

were determined by trial and error to fit the data and are listed in Table 3. The source
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radius c of the first event in a pair was taken to be the rupture radius of the average 

magnitude of the catalogue, where average magnitude is obtained from the Gutenberg- 

Richter magnitude frequency relation. To reduce the number free variables c was fixed as 

the minimum distance employed by Kagan and Jackson which was judged to represent a 

reasonable approximation of the source radius of the average catalogue magnitude. The 

simulations are only moderately sensitive to model parameters in that nearly as good fit to 

the data could be achieved with somewhat different parameter values (see Table 3).

The stress-step solution appears to provide a rather good representation of the data 

including intermediate and deep earthquakes which may involve mechanical processes that 

are significantly different from the shallow earthquakes. In each of the examples of Figure 

9 the simulations agree to within 10 percent of the data for greater that 80 percent of the 

data points. The maximum deviations of the simulations from the data are about 50 percent 

of a data value. No attempt was made to model the data lying within the source radius of 

the first event because equation (21) applies to regions outside of the primary rupture area. 

Seismicity falling within the source region of a prior earthquake is discussed in a later 

section. For the shallow earthquake data, the results for W appear reasonably consistent 

with seismogenic zone width. Also for shallow earthquakes the estimates of ta and ljlla 

are consistent with the estimates of Figure 2 and Table 2. However, significantly different 

values of ta , trlta and W are obtained for the intermediate and deep earthquake data. In 

particular, ta appears to systematically decrease with increasing depth.

The characteristic shape of the data curves for variation of number of pairs with time is 

controlled by the stress sensitivity of earthquake rate to elastic stress changes near the first 

event. The apparent persistence of clustering to great distances shown in Figure 9 is 

wholly an artifact of summing the number of pairs cumulatively to some distance x. 

Highly perturbed seismicity close to the first event is lumped with essentially unperturbed 

seismicity at greater distances. Comparable effects are seen in the results for net aftershock 

rate by cumulative distance, (Figure 5). The decay of the normalized number of pairs by 

(1/ry with p~0.8 derives from the characteristic stress change surrounding a shear 

rupture in conjunction with the time- and stress-dependence of seismicity rate of equation 

(12) as previously discussed for Figure 5. The peaking of number of pairs at finite times

160



following the first event, with fewer events at shorter times is also seen in the simulations 

and arises because of the count of earthquake pairs began following some finite time after 

the first event.

Foreshocks. Foreshock statistics appear very similar to that of aftershocks, and the 

clustering data discussed above. Histograms of the frequency of foreshock-mainshock 

pairs show rapid fall off of frequency of pairs with time and distance [Jones and Molnar, 

1979; Jones, 1984; Jones, 1985]. For earthquakes in southern California Jones [1985] 

finds that the probability of a mainshock following a M>3.0 earthquake decays by about 

(1/ry with/?~0.9 which is consistent with the result /?=0.8 found for a finite region 

(Figure 5). In addition, Jones [1985] shows that relative to foreshock magnitude, 

mainshock magnitudes follow a normal b-value distribution down to the size of the 

foreshock. In the context of the model presented here, the occurrence of mainshock 

following a foreshock is interpreted as a perturbation of background seismicity by the 

stress change of the foreshock as represented equation (21).

DISCUSSION AND CONCLUSIONS

The approach presented here models seismicity as a sequence of earthquake nucleation 

events. The distribution of initial conditions over the population of nucleation sources and 

stressing history determine the timing of events in the sequence. If the nucleation process 

is assumed to be instantaneous at a critical stress, then rate of earthquake occurrence 

obtained from this model is simply proportional to stressing rate (assuming monotonic 

increase of stress). However, the model has been implemented for time-dependent 

earthquake nucleation. This yields a state-variable constitutive formulation for earthquake 

rate (equations 9-11) where state depends on stressing history. It is found that seismicity 

rate seeks a steady-state value that is proportional to the instantaneous stressing rate over 

the characteristic time ta . An important consequence of the history dependence is that 

relatively modest jumps in stress result in large perturbations of rate of earthquake 

production.
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Clustered earthquake phenomena have been modeled assuming earthquake rate is 

perturbed by the elastic stress change associated with prior earthquakes. The model 

(equations 12 and 13) yields Omori's Law and in combination with the characteristic elastic 

stress change in the vicinity of a shear rupture, it reproduces the time and distance statistics 

of earthquake pairs. These results suggest that the formulation contains a reasonable 

representation of time dependence and stress sensitivity of the earthquake nucleation 

processes in nature. Because deep earthquakes appear to cluster in a way that is simulated 

by the present model, but may involve different nucleation processes than shallow 

earthquakes, more than one time-dependent nucleation mechanism may yield similar 

results. In particular, if the various types of clustering considered here are driven by 

characteristic elastic stress changes in the vicinity of an earthquake, then the essential 

nucleation characteristic needed to model the clustering data is a dependence of the time to 

instability on an exponential function of the stress change (i.e. t «= exp [const. XT]). This 

is the sensitivity of the time to instability to stress obtained from equations (A13) and (A 14) 

when the relation of initial slip speed to stress (equation A7) is used.

It is also possible that alternative models of earthquake occurrence might be found that 

satisfy the various clustering data and do not involve time-dependent nucleation. Time- 

dependent nucleation is a direct consequence of rate-and state-dependence of fault 

constitutive properties. To the extent that those properties exist on faults in nature, the 

nucleation process will be time dependent. An independent argument for the time- 

dependent nucleation model used here is based on corroboration of these constitutive 

properties in other applications. There is considerable experimental evidence indicating 

these properties are characteristic of sliding surfaces in non-metallic materials including 

laboratory faults with or without gouge layers. Additionally, various other studies [Tse 

and Rice, 1986; Scholz, 1988; Stuart, 1988; Okubo, 1989; Marone and others, 1991] 

have shown that this constitutive representation is effective in modeling fault creep, 

earthquake afterslip and various earthquake processes.

An outcome of the approach presented here is that parameters describing clustered 

phenomena have physical interpretations. For example, a predicted relationship between 

aftershock duration and stressing rate or recurrence time (equation 19) has been obtained.
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In figure 3 the curves passing through the data for aftershock duration and recurrence time 

gives ljla - -Ate /Aa= 10-40. Similar values (-Ate /Aa= 25-75) were obtained with 

the models of the data for shallow earthquake pairs. Assuming average earthquake stress 

drops -Ate= 2.5MPa, with A=0.01 and -Ate /Aa= 25, these results suggest a rather 

low effective normal stress of about lOMPa. However, this estimate should probably be 

viewed with some caution until greater experience with this modelling approach is 

acquired.

Data for clustering of intermediate and deep earthquakes has been simulated. The direct 

relevance of the constitutive formulation to intermediate and deep earthquakes may be 

questioned, since mechanical processes and earthquake instability mechanisms at those 

depths may be quite different from those represented by the nucleation model. 

Nonetheless, the simulations appear to provide a good representation of the limited 

intermediate (70-280km) and deep (281-700km) earthquake pair data presented by Kagan 

and Jackson [1991]. From those simulations (Table 3) it is evident that ta decreases with 

depth. This is generally consistent with observations that deep earthquakes have fewer 

aftershocks [Frolich, 1987]. Also the simulations clearly indicate that ljla--^e /Aa 

has significantly larger values for deep earthquakes, with possible intermediate values for 

intermediate earthquakes. Assuming -,ATe/<jdoes not exceed order of unity, these results 

indicate that fault constitutive parameter A decreases to very small values for deep 

earthquakes.

Spatial dependence of earthquake clustering appears to derive from the spatial 

dependence of the stress changes around a prior earthquake source. Results have been 

presented for an approximate representation of shear stress change in the plane of a shear 

crack in an elastic medium. Hence, the model specifically applies to alteration of 

earthquake rates along the plane of the prior earthquake and outside of its rupture area. 

However, it is reasoned that all stress changes resulting from an earthquake will generally 

have similar spatial dependence because fall-off of stresses by 1/x3 is characteristic of 

finite sources in a three-dimensional body including the shear stress equation (20). Hence, 

distance effects found for the specific model will be generally applicable for perturbation of 

earthquakes from any stress change resulting from a prior earthquake.
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Thus far only aftershocks lying outside of the zone of the mainshock rupture have been 

discussed. Many aftershocks originate within the mainshock source region, either on or 

near to the mainshock rupture surface. Two explanations for these aftershocks appear 

plausible. First, the aftershocks may occur on patches within the mainshock source region 

that did not slip during the mainshock. Such patches would therefor experience large stress 

increases at the time of the mainshock would have a high potential for aftershocks. The 

second and favored explanation is that aftershocks within the region of a mainshock may 

represent adjustments on secondary faults to stresses induced by mainshock slip. In 

particular it is reasoned no fault is perfectly planar and consequently mainshock slip will 

give rise to large local changes of shear and normal stress as non-matching geometry on 

opposite sides of the fault interfere [Saucier and others, 1992]. Those stresses will 

increase with each successive earthquake unless there is bulk flow or slip on secondary 

faults to relax the stress. Aftershock mechanisms that differ from that of the mainshock 

and originate near to but not on the mainshock plane [Beroza and Zoback, 1993] may be 

evidence of this process.

Aftershock decay is generally well-represented by (1/ty with/? ordinarily in the 

range 0.5 - 1.5. For the formulation developed here, equations (12) and (13) give /?=1.0 

if stress change and other model parameters are uniform over the volume considered. 

Deviations from/?=l and variability between aftershock sequences will arise from several 

causes. These include spatial variability of various model parameters over the volume 

considered and stressing histories not satisfying the simple conditions of (12) and (13). 

Spatial variability of model parameters results in an appropriately weighted average of the 

family of curves plotted in figure 2 and tends to decrease p relative to the homogeneous

case. With the exception of stress change it is expected that model parameters (A, GQ, r,   
rr and T ) would probably not vary systematically with respect to distance from the 

mainshock. Consequently such effects might tend to cancel and any non-canceling effects 

would require analysis specific to a particular mainshock (i.e., the effects would not be 

systematic to all aftershock sequences).

Use of non-uniform stress changes, characteristic of the elastic stresses around a shear
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crack, yield p ~ 0.8 (Figure 5). Comparable decay rates are found for earthquake pair data 

compiled by Kagan and Jackson [1991] and for foreshock-mainshock pairs of Jones 

[1985] which suggest that rates of decay shown in those composite data sets show the 

systematic effect of the non-uniform elastic stress field near of a shear crack.

Another source of variability of p relates to non-constant stress or stressing rate 

following an earthquake stress step. Simulations with multiple stress steps, in which the 

later stress steps represent large aftershocks with secondary aftershock sequences (Figure 

7) yield an apparent p>\ during secondary aftershock sequences. Recall that this effect is 

entirely an artifact of plotting the entire sequence by the logarithm of the time since the 

mainshock. As shown by Figure 8 relaxation of stresses with time can result in various 

rates of decay including cases where p>l.

The formulation developed here assumes that seismicity rate in the absence of stress 

perturbations is independent of time. Use of this steady-state assumption appears to be 

adequate for the applications explored here, at least over time intervals comparable to ta 

which is small compared to the mean earthquake recurrence time. Hence, for those time 

intervals the reference seismicity rate is consistent with a Poisson model of earthquake 

occurrence and the perturbed seismicity is analogous to that of a non-stationary Poisson 

model. The introduction of the stochastic element in the formulation relates to the 

distribution initial conditions over the population of sources or equivalently to the 

uncertainty in initial conditions on a single source that nucleates a specific earthquake. It is 

emphasized that the nucleation process is not intrinsically uncertain. The underlying model 

is of fully deterministic nucleation of earthquake sources in which the stress on each source 

begins at some low value and increases with time until the conditions for onset of an 

earthquake are satisfied. Hence, conditions on an individual source are consistent with the 

stressing cycle often assumed for quasiperiodic earthquake occurrence.

In conclusion it is noted that applications of the seismicity rate constitutive formulation 

are not restricted to the simple stress step models investigated here. It may be applied to 

stressing histories of arbitrary complexity. The demonstrated capability for modeling the 

space and time characteristics of clustering phenomena suggests the feasibility of using 

observations of temporal variations of earthquake rate to invert for changes in driving
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stress. Also, the formulation presented here could be employed to estimate short- to 

intermediate-term earthquake probabilities following prior earthquakes. Such probability 

estimates may serve as an alternative or adjunct to estimates that employ empirically derived 

relations for earthquake potential analogous to that obtained for this model [e.g Jones, 

1985; Reasenberg and Jones, 1989; Working Group, 1992].
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Table 1 Mathematical symbols

Equation 
Symbol First used Description

a,b 15 Omori aftershock decay parameters
A, B 5 Fault constitutive parameters
c 20 Radius of shear crack
C 1 General representation of initial conditions on nucleation source
Dc 6 Characteristic sliding distance for evolution of fault state
G Al Shear modulus
H 7, A8 Term containing model parameters for nucleation source
k 7, Al Effective stiffness of nucleation source
/ Al Dimension fault patch
lc A2 Characteristic dimension of nucleation source
n 2 Earthquake sequence number indicating nth source in distribution
m B20 Term used in solution for stressing by logarithm of time
r 2 Reference steady-state seismicity rate
R 11,B24 Seismicity rate
RQ 16 Seismicity rate immediately following a stress step
t 1 Time, time of instability
ta 12 Characteristic time for seismicity to return to steady state
te 18 Characteristic time for initiation of aftershock decay
tr 19 Mean earthquake recurrence time
u,w B18 Parameters for characterization of stressing by the logarithm of time
x 20 Distance from center of center of shear crack
a 6 Constitutive parameter for evolution of state with normal stress
7 7 State variable for seismicity formulation
Yss . 10 Steady state value of 7
<5>; 8 5 slip and slip speed
5 * 5 Normalizing slip speed in constitutive formulation
r] Al Crack geometry parameter
fj.Q 5 Nominal coefficient of friction
9 5 State variable in fault constitutive formulation
0 * 5 Normalizing state variable in fault constitutive formulation
<7 5 Normal stress

 

T, T 1 Shear stress and shear stressing rate
T 3 Reference stressing rate
Aie 19 Stress change on earthquake rupture (negative)
£ A2 Scaling parameter for critical fault length lc for unstable slip
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Table 2 Earthquake Recurrence and aftershock duration

Event Magnitude (years) (years) Data sources and method of estimation

1) Bear Valley, California, 1972 5.0 ,2-.5 14-21

2) Coyote Lake, California, 1979 5.7 1.4-2.5 54-82

3) Loma Prieta, California, 1989 7.1 1.7-3.5 84-100

4) Kalapana, Hawaii, 1975 7.5 8.5-11.2 50-100

5) Koaiki, Hawaii, 1983

6) Alaska, 1964

7) Nobi, Japan, 1891

6.7 1-1.7 10.5-21

9.2 4.6-9.6 230-385

~8 >78 5,000-20,000

8) Rat Islands, Alaska, 1965 8.7 2.7-5.5 72-120

9) San Francisco, California, 1906 8 5-10 129-281

10) San Juan Bautista, California, 4.8 .5-.8 4-8 
1979

Recurrence times from Ellsworth andDietz 
[1988]. Aftershock duration obtained by fit to 
aftershock equation (12).

Upper limit on recurrence time from Reasenberg 
and Ellsworth [1982]. Minimum recurrence 
time estimated assuming slip of 70 cm and 
Calaveras fault slip rate of i.3cm/a from 
Matsu' ura and others [ 1986]. Aftershock 
duration obtained from fitting of aftershocks data 
[Reasenberg and Ellsworth, 1982] to equation

Recurrence time from Working Group [1990 ]. 
Aftershock duration provided by P. Reasenberg 
[written communication].

Recurrence time estimated from from riff opening 
rate of 6- 12cm/a and net offset pf 6m [Dieterich, 
1988a]. This is generally consistent with 
recurrence following the great earthquake of 1868 
[Wyss, 1988]. Aftershock duration obtained by 
fitting aftershock decay to equation (12).

Recurrence time from Wyss [1986].
Aftershock duration obtained by fitting aftershock
decay to equation (12).

Recurrence time estimated assuming plate slip rate 
of 6.5cm/yr and earthquake slip ofl5-25m. 
Aftershock duration is from data supplied by J. 
Lahr.

Recurrence time from [Tsukuda, 1983] based on 
dating of paleoseismic events. Aftershocks of this 
event continue to at least 1969 without showing 
any indication of returning to a background rate 
[Utsu, 1969].

Aftershock duration is obtained fitting of data from 
Ogata and Shimazaki [1984] to equation 14. 
Recurrence time estimated assuming plate motion 
rate of 8.3 cm/a and earthquake slip of 6-10m.

Recurrence time is taken to be range of estimates 
for recurrence on San Francisco Peninsula and 
North Coast segments from Working Group 
[1990]. Aftershock duration is from data of 
Ellsworth and others [ 1981].

Recurrence time estimated from fault slip rate of 
2.5cm/a [Matsu'ura and others, 1986] and 
estimated slip of 10-20cm. Aftershock duration 
obtained by fitting of aftershocks to equation (12).
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Table 3 Parameters for simulation of clustering data

Range of parameters giving satisfactory fit to data of Figure 9. Preferred values are 

indicated in bold face type.

Data
tr /ta Source 

fa(years) (-At /Ao) radius, c W

Harvard, 0-70km, Af>6.0

PDE, 71-280km,M>5.3

PDE, 281-700km,M>5.3

10.2
10.2
10.2

0.11
0.07
0.17

0.013
0.012

45
75
25

50
150
25

1000
3000

12.8
12.8
12.8

3.2
3.2
3.2

6.4
6.4

102
179

57.8

6.4
12.8
3.5

38.4
38.4
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Figure 1 Distribution of slip speeds against time to instability. The solid curve is the solution for time to 
instability given an initial slip speed of the nucleation source (equation Al 1 of Appendix A). Solid squares 
give the distribution of slip speeds from equation (7) under the reference condition at constant seismicity 
rate r. Small circles show effect of stress step on the distribution from solution of evolution equation (9). 
This solution is given in Appendix B, equation (Bll). The effect of a stress step is to increase slip speed 
(vertical arrows) of each source as given by equation (A17). This increase of slip speed decreases the time 
to instability (horizontal arrows) and results in higher density of points (higher seismicity rate) at short 
times, but does not affect density at larger times where the dependence of time to instability against log slip 
speed against is linear. Hence, with passage of time, the perturbation of seismicity rates from the stress 
step evolves out of the system.
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10

Figure 6 Expansion of aftershock zone from equation (22). Curves give the position of 
the edge of the aftershock zone as given by xe where earthquake rate begins to merge 
with the 1/r asymptote.
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Figure 8 Seismicity rate for a stressing history composed of a stress step followed by 
change of stress with logarithm of time. Parameters for the computation are: A=0.01,
(T=20 MPa, T=10'8 MPa/s, AT=Q.5 MPa, w=10s.
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Figure 10 Model employed for simulation of clustering of earthquake pairs.
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APPENDIX (A) 

EARTHQUAKE NUCLEATION

Nucleation model. The following summarizes results obtained for a simplified 

model of a nucleation source that is represented as single spring-slider system. Details of 

the model and comparison of the simple model with plane strain numerical solutions of a 

fault with spatially variable conditions are given by Dieterich [1992]. Here the spring and 

slider results of Dieterich [1992] are generalized somewhat by incorporating of multiple 

state representation of fault friction (equation 5). Additionally, results are obtained for the 

change of conditions on a source arising from a step in both shear and normal stress.

Spring stiffness, k, may be scaled to crack length by:

At
(Al)

where / is half-length or radius of the fault segment, G is shear modulus (Poisson's ratio 

of 0.25), and rj is a crack geometry parameter with values near 1 [Dieterich, 1986; 

1992]. For an instability to develop, k must be less than the critical stiffness for unstable 

slip [Dieterich, 1981; Ruina, 1983; Rice and Ruina, 1983; Dieterich and Linker, 1992]. 

Hence, from (Al) critical spring stiffness can be related to a minimum dimension for 

unstable slip giving

(A2)

where £ is a parameter that depends on constitutive properties and loading conditions. It 

is found that the nucleation process is characterized by an interval of self-driven 

accelerating slip that precedes instability. The duration of the nucleation process is highly 

sensitive to initial stress and initial 6. The numerical simulations demonstrate that the
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segment on which instability nucleates also has a characteristic length lc that scales by 

(A2). Empirical evaluation of the size of the nucleation zone from the numerical models 

gives £ ~ 0.45. If accelerating slip initiates on a patch that exceeds lc the zone of most 

rapid acceleration tends to shrink to the characteristic length as the time of instability 

approaches.

Equating constitutive law (5) for fault strength with fault stress gives

0. (A3)

where T(0 is the remotely applied stress acting on the fault in the absence of slip and -k8  * 
is the decrease in stress due to fault slip. In (A3) the constant terms /*o» ^ In o and

Z?,-ln 6 *i have been grouped into /*0'. Normal stress is assumed to be constant. Recall 

that 6 evolves with sliding history as given by equation (6). The problem may be solved 

numerically. However, when the nucleation process is under way and slip is accelerating,
 

the slip speed soon greatly exceeds the steady state speed for all 0,- (i.e. O i »DcJ S ).
 

As this happens, the 1/8 term in (6) will no longer contribute to the evolution and (6) is 

well-approximated by

30; 0;

G= const Dc .

ei =eOi e 'Dct . (A4)

Hence, state is simply dependent on displacement, where 00 . is state at 5= 0. 

For slip at constant normal stress, substitution of (A4) into (A3) yields

(A5)

For a variety of functions for the remote stressing term (A5) yields a separable differential 

equation that may be solved directly.
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Constant stressing rate. For the case of constant rate of remote loading,
. 

T (t) = TO + tt , (A5) may be rearranged by solving for 8 - dSldt giving

/. exp
ACT

jdt = | exp d8 (A6)

where 8Q and H contain terms for the initial conditions and model constants, respectively

(A7)

(A8)

Note in (A7) that the initial slip speed, 8Q , fully describes the initial conditions T0 and 

BI . Equation (A6) has the following solutions:

-A
 

 

T

1 - exp

i . \"
Tf

\Ac[
(A9)

H t
T=0 (AlO)

The slip speeds are:
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* = 1 Ho
exp

-T r 1 

Aa j

-1

Ho
(All)

8 = j_ Ht
 

^o

-i
T=0

(A12)

The time of instability, r, is obtained by substituting 8 , the slip speed at instability,
   

into (All) and (A 12). The following employs I/ 8 = 0. Use of finite 8 while tractable,

introduces additional terms into the equations and does not result in solutions that are
 

numerically distinguishable from the simpler solutions provided 8 is much greater than the

average long term fault slip rate. This condition is well satisfied for earthquake processes
 

where 8i is cm/s to m/s and long term slip rates are mm/year to crn/yr. Time of instability

is

+ 1
(A13)

r=0
(A14)

The evolution of state on a nucleation source after some time interval is readily obtained 

from the displacement solution and (A2). The results of (A13 and A14) are in surprisingly 

good agreement with the times to instability obtained from detailed numerical simulations of 

a fault with spatial variation of conditions [Dieterich, 1992].

The above solutions have the useful characteristic that they may be applied repeatedly, 

in a step-by-step manner, to approximate complicated stressing histories as a series of 

constant stressing rate increments. Recall that initial slip speed fully describes the initial
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conditions. Hence, the initial slip speed, 5 0, at ^e start °f eac^ ^me interval in a loading 

history, is obtained from the solution for slip speed (A 13, A12) at the end of the previous 

time interval.

The effects of jumps of normal stress and shear stress on slip speed may be found from 

the constitutive relations (A5 and A6). Before a stress jump, slip speed depends on initial 

stress and state as given by (A7) (taking <7= <70). Similarly, the slip speed following the 

stress jump depends on T, <7 and 0 after the step. Jumps of T do not affect state, but 

from (6) change of normal stress from <70 to <7, results in the change of state

(A15)

Hence, from (A7) and (A15), after the stress jump

c _
e
3'

*
a, IA

1
az /A

exp
Mo

Aa A
(A16)

Using (A7) the state terms in (A16) may be defined in terms of initial stresses and S 0 

giving:

8 = 8

a I A

exp
T

Ao
(A17)
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APPENDIX (B)

FORMULATION FOR EFFECT OF 

STRESSING HISTORY ON EARTHQUAKE RATE

Distribution of Conditions for Steady-State Seismicity. Taking dn/dt = r 

as the reference rate of seismicity, the time of an earthquake at source n is,

(Bl)

In Appendix A, initial slip speed is shown to fully describe the initial conditions for 

subsequent acceleration of slip to instability (equation A7). The distribution of initial 

conditions over the steady-state population of patches is obtained by equating the result for 

time of instability (A13) with (Bl) and rearranging to give initial slip speed as the 

dependent variable:

1

Ha
 

. T r .

exp

i   \ 
Tr n

(Aor)
-1 (B2)

 

where, Tr is the reference stressing rate. Hence, the time of instability at the wth source
 

may be found by evaluating (B2) at n to obtain 80 and then substituting that value into the 

appropriate solution for time to instability, e.g. equation (A14). For later convenience, 

(B2) is rewritten as

HOT exp
}

1 r n

Aor j
-1

(B3)
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Hence, for the reference steady-state distribution, y = l/rr . Below, the effects of 

stressing history on the distribution (B3) are examined. It is shown that the distribution of 

slip speeds is always of the form of (B3), but with different values of y that evolve with 

stressing history.

Evolution equation for distribution. The general equation for evolution of y is 

found by evaluating the partial derivatives in

r\
(B4)

II
To find V^/T,(j the distribution 8(ri) of equation (B3) is substituted for 8Q in (A12) 

giving the distribution of slip speeds after some elapsed time, r, at T=0, (7=0 ,

//cry0 exp

\ 
T r n

Aor t
- 1 Ht

A

(B5)

The use of y0 indicates the value of yat r=0. After time r has elapsed, some number of 

sources, /, will have nucleated earthquakes because the speed for onset of instability, 5-

has been reached. Consequently, those sources will no longer be a part of the population.   
Setting S (n) = <5, = °° and n = I in (B5) and solving for / gives

(B6)

The updated distribution of slip speeds, after time increment r, is obtained by the 

substitution / + n - nold in (B5), where nold now refers to n appearing in (B5), prior to 

the time step and using (B6) to evaluate /. Following some algebra, the new evolved 

distribution is found to have the form of (B3) as previously asserted with

193



(B7)

which gives

(B8)

A similar procedure is used to evaluate drjt,o and w^.T. From (B3) and (A17) the 

distribution of slip speeds following a step in shear stress and normal stress is

a

«b
H<r/

,

exp
.

T T0

Aa ACTO
I

 

T r rt

Aor
- 1

(B9)

Figure 1 illustrates the effect of a stress step on the distribution. A stress step that increases 

slip speed (an increase of shear stress or decrease of shear stress) will cause some number
 

of patches, /, to nucleate earthquakes if the slip speed, Si at instability is finite. Setting
   

8 - 8- in (B9) and solving for the number sources, /, that have nucleated an earthquake 

gives:

/-VW i^ 1
T ' 1 r0

  -i
(HaS^ a

a /A

exp

i \
T ^0

Ad AcT0
1 /

(BIO)

The new distribution of conditions following the stress step is obtained by the substitution,
 

/ + n = /*old, in (B9) and using (BIO) to evaluate /. Use of either finite or infinite 8i at
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instability again yields an evolved distribution of the form of (B3) with

y=y0
-a I A

exp
AaQ Aa (Bll)

where y0 denotes the value of y immediately prior to the stress step. From this result

and

-y
Aa

(B12)

yr yaay 1
^' T Aa 2 Aa

(B13)

In summary, the distribution of slip speeds retains the form of (B3) through time (with
   

T=0, <T=0) and through steps in shear and normal stress. Because any loading history 

may be represented as a sequence of sufficiently small stress jumps and time steps (with
   

T=0, <7=0), the distribution of slip speeds will retain the form of (B3) for any stressing 

history. From (B4), (B8), (B12) and (B13) the general evolution equation for y is

1 dt -ydt+y   -a \da (B14)

Recall from (A 17) that a = a l + cc2 + . .. for applications employing friction formulations 

with multiple state variables.

Solutions for linear and logarithmic shear stressing. Solution of (B14) for 

change of y for increase of shear stress at a constant rate and by logarithm of time are 

easy to obtain and of use for modeling earthquake processes. If shear stress is given by
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and <r=0, then from (B14) evolution of 7 is given by

(B15)

(B16)

which has the solution

r0 -^-
T

-rr 

Acr

1I _ (B17)

For logarithmic stressing,

T= T (B18)

and <T=0, the evolution equation (B14) becomes

A a
1 - B(19)

Using the integrating factor

1 \ "* i + 1) , where m =   ,
Aa

(B20)

B(19) has the solution

, . 7=70 (wr+l)
(wt+ 1 )-(wr+ 1 ) v (B21)

196



These solutions may also be obtained using the procedure of the previous section which 

evolves the distribution of initial slip speeds by employing the specific solutions for 

increase of slip speed with time of a source. Conversely, the earlier solutions for evolution 

of y for constant stress and for stress steps, equations (B7) and (fill) respectively may 

of course be obtained by direct solution of (B14).
   

Seismicity rate. Under the condition r=0, (7=0, the distribution of earthquakes 

times, beginning at t= 0 is found from (A 14) by substituting the distribution of slip speeds
 

(B3) for initial slip speed, 8Q . In making this substitution note that the distribution of 

initial speeds is fixed at t = 0 and consequently y is fixed at y0. The distribution of 

times of earthquakes is

exp\
\Aor

- 1 , T=0,(T=0 (B22)

Rearranging for n

Aor ,n =  - In T =0, (T=0
(B23)

and differentiating gives seismicity rate R = dnl dt normalized by the reference rate, r

R_ 
r

1/T,
=0, a =0 (B24)

Aa

Note that the denominator of the solution for seismicity rate is simply the specific solution   
of 7(0 given in (B7) for these stressing conditions (T=0, (7=0). 

This suggests
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(B25)

as a general formulation for any stressing history. Hence, it is proposed that at any instant 

seismicity rate depends on the current value of y and is independent of current stressing 

rate. The validity of (B25) for any stressing history may be understood by considering the 

nucleation process during unconstrained loading histories. As implied by (B4) and as 

discussed previously, the evolution of y for any loading history may be found by 

breaking the loading history into a series of sufficiently small stress jumps and time
   

increments with r=0, cr=0. Because y determines the initial conditions for the time to 

instability, (B25) will be generally valid if the time to instability becomes independent of
 

stressing rate as time decreases to zero. The solutions for time of instability for r=0 (A 13)
 

and for r*0 (A 14) converge and become independent of stressing rate as slip speed 

approaches the critical speed for instability demonstrating that this condition is satisfied. 

Indeed, (B25) may be obtained following the above procedures using solutions for time to

instability and evolution of y under conditions where stressing rate is not zero     
(/.e.r=T0 + rr, cr=0 and T=TO+W In(wtt-l), cr=0).

Equations (B14) and (B25) comprise the general formulation for stressing history 

dependence of seismicity rates.
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Foreshock Occurrence in Kanto, Cental Japan, and its 

Performance as a Precursor

Masajiro IMOTO

National Research Institute for Earth Science and Disaster Prevention

Tsukuba, Ibaraki,305, Japan

Abstract

A simple algorithm to issue short term alarms is applied to catalog data obtained from 

a local seismograph network in Kanto, central Japan. This algorithm is based on an 

assumption that the last interevent time of small seismic events preceding a large earthquake 

is shorter than the mean interevent time for small earthquakes before the large earthquake. 

To investigate this assumption, interevent times are studied for earthquakes preceding 14 

moderately large earthquakes which occurred with magnitude 5.5 and larger during the period 

from 1982 to 1991 in a 180 x 180 x 100 km volume. The last interevent time associated with 

each large earthquake is compared with the mean interevent time between successive 

earthquakes within a certain distance from the respective earthquake. This comparison 

suggests that the last interevent times tends to be shorter than the respective mean times. The 

last interevent times however, vary from 0 to several days. Therefore obvious foreshocks are 

unable to be determined in the present study. In the algorithm all earthquakes larger than 

a threshold magnitude of 2.0 are defined as a potential foreshock and an alarm is issued for 

a small volume (10-20 km in radius) at every foreshock occurrence. This alarm persists for 

several days (5-10 days), but may be terminated before this limit by the occurrence of an 

earthquake in the same volume larger than the foreshock. By this simple algorithm values 

from 0.5 to 0.9 and from 5. to 18. depending on parameters are obtained for reliability and 

probability gain, respectively. An assumption is made that the large earthquakes may be 

modeled by two Poisson processes with different rates: the higher rate process simulates large 

earthquakes that occur in the time-space volume when an earthquake alarm has been declared 

and the lower rate process similates earthquakes that occur in a non-alarm time-space volume. 

The performance of the proposed algorithm is measured in terms of the Ukelihood ratio of the 

two Poisson rate model to a uniform Poisson model. The likelihood ratio obtained by this 

study shows that a high level of significance is attached to the two Poisson process model.
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1. Introduction

An anomalous increase in local seismicity prior to a large earthquake is one of the best 

known phenomena among earthquake precursors. Foreshocks sometimes make it possible to 

predict an earthquake with pin-point accuracy. For example, foreshock activity played an 

essential role in issuing a short-term warning of the Haicheng earthquake. However, only 

rarely are forshocks recorgnized before the occurrence of their main shock, because a 

quantitative definition of foreshocks that distinguishes them from background seisimicity has 

not been established yet. A large number of studies have been attempted to find characteristic 

features of foreshocks based on seismicity patterns, wave forms and other data. Analyzing the 

spatial and temporal distributions of seismicity preceding moderate (M>5.0) 

main shocks in the San Andreas fault system in California, Jones (1984) reported that of 20 

main shocks, 7 had been preceded by immediate foreshock sequences that had included events 

within 1 day and 5 km of the main shock. Bowman and Kisslinger (1984) applied a 

statistical method for estimating the ocurrence of foreshocks to the catalog of earthquakes 

from a local seismograph network near Adak, Alaska. In this study, foreshocks were defined 

in a restricted sense based on time intervals between successive earthquakes. They concluded 

that detectable foreshocks preceded about 6 to 10 per cent of 53 main shocks of mb>4.5 and 

14 per cent of 23 main shocks of mb >5.0. As they noted, their method for estimating 

foreshock occurrence can not be applied prospectively.

Assuming simple Poisson process models for earthquakes of M>2.0 in Kanto, central 

Japan, Imoto (1992) reported that increases in the Poisson rate appear more frequently than 

decreases one or two years before prominent earthquakes of magnitude 6.0 and larger. Imoto 

(1991) also reported decreases in b-value before these earthquakes. These findings suggest 

that intermediate term changes in seismicity appeared around the source areas of these 

earthquakes. Since it is possible that these changes be followed by a short term change in 

seismicity, it is worthwhile investigating in foreshock activity in the Kanto area. From a 

viewpoint of earthquake prediction, definition of foreshocks in the present study is designed 

simple and applicable as a prediction tool. Any definition should be applied prospectively 

to data and results are measured in terms of parameters estimating performance of earthquake 

prediction such as validity and reliablity (Reasenberg and Matthews, 1988). In addition to 

these two parameters, a new scale based on information theory will be proposed. This scale 

is needed to make the best selection of parameters concerning each definition of anomalies.
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2. Data

Occurrences of foreshocks are studied for data from the Kanto area in central Japan 

(Fig.l), which were collected by the network of the National Research Institute for Earth 

Science and Disaster Prevention. This area is characterized by its complex tectonic features: 

the Pacific and the Philippine Sea plates, which are subducting beneath the Eurasian plate ( 

or the North American plate ), a triple junction of trench-trench-trench type located to the 

east, and others (Okada, 1990). Taking into consideration the detection capabilities of the 

network, tectonic environment and other factors, a 180 x 180 x 100 km volume (the dashed 

box in Fig.l ) is chosen for study, in which the earthquake records of magnitude 2.0 and 

larger are considered complete (Morandi and Matsumura 1991). Within this volume, about 

20,000 earthquakes of magnitude above this threshold are located from January 1982 through 

December 1991. Among these events, 14 moderately large earthquakes of magnitude 5.5 and 

larger are listed as target events for forecasting (Fig.l and Table 1). The size of target events, 

M>5.5, is chosen from consideration of seismicity in this area. The largest event is recorded 

as a magnitude 6.7 by Japan Meteorological Agency on December 17, 1987 in the study area. 

This earthquake, named Chiba Toho Earthquake, was followed by the largest aftershock of 

magnitude of 5.2. Lowering the threshold magnitude of target events would require that large 

aftershocks be classified into target events. The physical process of an aftershock might differ 

from that of a main shock and our interest is focused on forecasting a main shock rather than 

its aftershock. Accordingly, the threshold of target events is tenyatively set at magnitude 5.5. 

It is claimed that errors in hypocentral coordinates are less than a few kilometers in most 

cases. In this study, assuming that possible foreshocks are at most 20 km away from their 

mainshock, our analysis of foreshock occurence will be made in this range. Since the above 

mentioned errors should not seriously effect the results, relocation of earthquakes was not 

made.

3. Time interval

By inspecting space-time plots of earthquakes within 30 days and 30 km of each target 

event separately, no obvious foreshocks, as distinct from background seismicity, were found, 

except for a few cases. Therefore, it is unlikely that an algorithm issuing an alarm 1 or 2 

days before target events would work at high performance.

To compare seimicity just before target events with background seismicity, interevent 

times are studied for earthquakes within 2 years and 20 km of target events. The last 

interevent time associated with each target event is compared with the mean interevent time.
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Table 1 List of target events.

Date

Feb.27

Oct. 4

Feb. 12

Nov.29

Dec. 17

Mar. 18

Feb. 19

Mar. 6

Dec. 9

May 3

June 1

Aug. 5

Aug.23

Aug. 6

Year

1983

1985

1986

1986

1987

1988

1989

1989

1989

1990

1990

1990

1990

1991

H M

21:14

21:25

11:59

7:29

11:08

5:34

21:27

23:39

2:23

16:45

10:22

12:36

8:47

23:49

Lat.(N)

35.99

35.91

36.38

36.41

35.37

35.67

36.05

35.71

36.59

36.47

35.67

36.43

35.34

35.87

Long.(E)

140.10

140.11

141.01

141.22

140.52

139.63

139.90

140.67

141.07

140.63

140.74

141.19

140.45

141.15

Depth

67.0

71.6

24.7

28.2

47.3

90.5

45.4

51.5

37.4

49.9

49.0

27.4

45.9

26.5

M

5.8

6.3

6.0

5.6

6.4

6.4

6.1

6.1

5.6

5.5

5.8

5.7

5.5

5.8

This comparison suggests that the last interevent times tend to be shorter than the respective 

mean times. The last interevent times, however, vary depending on each case from several 

seconds to several days. To display this result, the last interevent time for earthquakes within 

12 km of target events is normalized by respective mean interevent time since seismicity rate 

in diffrent sources ranges from 1.5 x 10"6 events/day/km3 to 3.1 x 10"5 events/day/km3. If an 

interevent time v is taken from a uniform Poisson process with its rate equal to 1., probability 

density function of v is expected to be an exponential function of exp(-v). Distribution 

function obtained by integral from v to infinity is given by exp(-v). Figure 2 shows both 

the expected exponential function and cumulative frequencies obtained by accumulating from 

infinity 14 normalized times for the case of radius 12 km. The cumulative frequency diagram 

of composing shows a steeper slope than that of expected distribution. This means that the 

Poisson rate becomes higher just before the largest event than that of expected from 

background seismicity. Similar patterns are observed in other cases of different radii. These 

suggest possibility of an anomalous increase in seismicity which differs distinctly from
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background seismicity.

4. Algorithm

In the present study, all earthquakes larger than a threshold magnitude of 2.0 are 

assumed as a foreshock and an alarm is issued for a small spherical volume (radius = Rs) at 

every foreshock occurrence. This alarm persists for several days (Td) unless it is terminated 

earlier by the occurrence of an earthquake larger by dm than the foreshock. The parameters, 

Rsy Td and dm, respectively ranging from 10 km, 5 days, and 0.5 to 20 km, 10 days, and 2.0 

over intervals of 2 km, 1 day and 0.5 respectively are adopted in our analyses. No effort to 

remove aftershocks has been made.

At the beginning of each day the alarm state is assessed for each grid point in a 3-D 

spatial grid with 2-km spacing filling the study volume, using data obtained up through the 

previous day. The total volume in a state of alarm in each day is represented by the total 

number of grid points included in an alarm state. When a target event occurs on a certain 

day and the nearest grid point belongs to an alarm, which has been judged in advance, it is 

considered that the target event was successfully predicted. Summing up the volume of alarm 

and the number of successes for the whole period, the total volume of alarm va and the total 

number of target events predicted na are obtained. The reliability Rb and probability gain Pg 

of the algorithm are respectively defined by
p n a
 K h ~ -T^   >

Aand
p n a   V o

9 v a n 0 '
where v0 and n0 are the total space-time volume under study and the total number of target 

event (=14 for M>5.5), respectively (Aki, 1980; Reasenberg and Matthews, 1988).

Figures 3a and 3b show contours of reliability and probability gain, respectively, on 

the Rs-Td plane in the case of dm equal to 1.0. The values of Rb and Pg range from 0.5 to 0.9 

and from 5 to 18, respectively. Roughly speaking, Rb appears inversely correlated with Pg. 

Similar patterns are obtained for different values of dm. For an excellent algorithm of 

earthquake prediction, it is desirable that both Rb and Pg become large. Along this line , it 

is not easy to select the best combination of Rsy Td and dm. To do this reasonably, a new 

scale to measure performance of earthquake prediction will be proposed in the next section.

5. Performance

An assumption is made that the target events may be modeled by two Poisson
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processes with different rates: the higher rate process simulates large earthquakes that occur 

in the space-time volume when an earthquake alarm has been declared, and the lower rate 

process similates earthquakes that occur in a non-alarm space-time volume. The performance 

of the proposed algorithm is measured in terms of the likelihood ratio of the two Poisson rate 

model to a uniform Poisson model.

In the case of the uniform Poisson model, the likelihood L1 is defined by

where X is given by njv0. The likelihood of the two Poisson rate model is defined by

-n n a -(/I-/!)/ \n -= e -n 'e ( ° J n-n2

The difference in log likelihod between two models, 12-1} is obtained as

This value is connected with the difference in AIC (dAIC), which was proposed by Akaike 

for model selection, through a simple relation:

dAIC = A/q-A/C2 = -2x(/r /2 ) + 2x(l-2) .

Figures 4 to 7 show contours of dAIC on Rs-Td planes for different values of dm. 

The maximum of dAIC is rising up more than 42. The likelihood ratio suggests a high level 

of significance is attached to the two Poisson process model with values around e21 . From 

contours as shown in Figs.4 to 7, we can determine 12 km, 9 days and 1.0 as the optimum 

values of the parameters, Rs, Td and dm. Values of 0.8 and 11.4 are obtained in turn for 

reliability and probability gain, Rb and Pg, respectively.

6. Summary

A simple algorithm to issue short term alarms focused on foreshock occurrence is 

applied to data of microearthquakes from the Kanto area. The results of the study are 

summarized as folllows:

(1) The distribution of the last interevent time suggests the possibility of an anomalous short- 

term increase in seismicity before main shocks which differs distinctly from 

background seismicity;

(2) It is proposed to use the likelihood ratio as a scale to measure the performance of
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methods to issue alarms, which has a close relation with AIC;

(3) From optimization of parameters, values of 0.8 and 11.4 are obtained for the reliability 

and probability gain associated with the algorithm in this case; and

(4) The likelihood ratio suggests a high level of significance is attached to the two Poisson 

process model.

The author would like to thank P.Reasenberg, S.Matsumura and D.Rosenblatt for 

discussion and constructive reviews of this manuscript.
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Seismicity and Creep at Parkfield

Allan G. Lindh, Kate Breckenridge, U.S. Geological Survey, Menlo Park, Calif. USA, 
and Mick Gladwin, Queensland Univ., Queensland, Australia.

Since about 1980, the U.S.Geological Survey, in conjunction with University and 
other scientists and the State of California, has conducted a detailed earthquake predic­ 
tion experiment near the small central California town of Parkfield (Bakun and Lindh, 
1985). Two major components of this experiment are an array of seismometers around 
Middle Mountain, near the epicenter of the 1966 Parkfield earthquake, and an array of 
creepmeters ~ low sensitivity extensometers placed obliquely across the surface trace 
~ deployed between Middle Mountain and the Cholame Valley. These instrumental 
arrays permit the routine location of microearthquakes of Ml and greater along this 
portion of the San Andreas, and the recording of creep events as small as 0.05 mm. 
Since about 1987 the creep meters have been supplemented by an array of downhole 
strainmeters and water wells, the data from which place some constraints on the 
dimension and moment of the largest creep events; preliminary analysis they extend to 
only about 1 km depth. Since 1 October 1992, a pair of creep events on Middle 
Mountain, and a sequence of earthquakes which included a M4.7 event, resulted in a 
public warning that there was a 37% chance that a M6 earthquake could occur within 
72 hours. As of now (12 Nov 1992) no such earthquake has occurred, and the warn­ 
ing appears to have been a false alarm.

Each of the two creep events in the recent sequence was followed within about 
two hours by a pair of small earthquakes directly beneath the creep event at 4-10 km 
depth. These and other temporal correlations within the sequence suggest long dis­ 
tance communication within the fault zone that does not appear to be the result of far- 
field stress changes, and probably not propagating creep events. If recent suggestions 
concerning the dynamic role of confined high fluid pressures within active fault zones 
should prove applicable to real faults, the possibility of fault zone communication via 
fluid pressure transients should possibly be considered.
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Relocation of Earthquakes in the Parkfield Region, 

Central California, 1932 - 1969

Karen L. Meagher
U.S. Geological Survey

Geophysics Program AK-50
University of Washington
Seattle, Washington 98195

South central California, defined as the area along the San Andreas fault from Bear Val­ 
ley at the north to the northern edge of the Transverse Ranges to the south and from the coast 
landward to the Great Valley (Figure 1), is of clear importance in any effort to understand the 
behavior of the San Andreas fault system. At the center of this area, the section of the San 
Andreas fault near Parkfield is of particular seismological interest because a comprehensive 
experiment to predict a moderate magnitude earthquake has been deployed here (Bakun and 
Lindh, 1985a, 1985b). East of Parkfield the MS= 6.5 1983 Coalinga earthquake occurred on a 
shallow dipping thrust fault near the transition between the Coast Range and the Great Valley 
(Eaton, 1990). Recent studies of the probability of major earthquakes occurring between 1988 
and 2018 have suggested that there is a 30 percent chance of an event of magnitude 7 on the 
San Andreas immediately south of Parkfield at Cholame (Working Group on California Earth­ 
quake Probabilities, 1988).

Both the Parkfield prediction experiment and the probability estimate at Cholame utilize 
the available historical record and the modern instrumental record of seismicity. The histori­ 
cal record of felt earthquakes in south central California suggests that since 1857 there has 
been a M= 5.5-6.0 earthquake at Parkfield approximately every 22 years (1857, 1881, 1901, 
1922, 1934, and 1966; Bakun and McEvilly, 1984). The modern instrumental record for 
south central California dates from the late-1960s when the U.S. Geological Survey began 
recording microseismic data on the central California seismic network (CALNET). By 1969 
enough stations had been installed in central California that wide areal coverage was avail­ 
able; as a result the U.S. Geological Survey catalog of earthquakes greater than magnitude 3.5 
is considered complete for all of central California from the coast eastward to the Sierra 
Nevada (Figure 1) (Hill et al., 1991).

Prior to expansion of CALNET in south central California, earthquakes in the area near 
Parkfield had been located using relatively sparse seismic networks operated by the University 
of California (Berkeley) (Figure 2A) and the California Institute of Technology (Caltech) (Fig­ 
ure 2B). In 1932 the closest stations to the study area were at Mount Hamilton (MHC in Fig­ 
ure 2A) and Santa Barbara (SBC in Figure 2B). In 1935 Berkeley installed a station closer to 
the study area at Fresno (FRE in Figure 2A). The number of seismic stations operating in 
south central California remained the same from 1935 until after the MS= 7.8 1952 Kern 
County earthquake when Caltech installed King Ranch (KRC on Figure 2B) and two addi­ 
tional stations in the vicinity of the Kern County epicenter. KRC was the nearest station to 
the study area until late summer of 1961 when Berkeley completed the installation of three 
stations in south central California (Figure 2A). The dashed line represents the historical divi­ 
sion between the two institutions geographical interests.

Each institution published their own local observatory bulletins containing seismicity 
data; Berkeley data were published in Bulletin of the Seismographic Stations beginning in 
1910 and Caltech data appeared in Bulletin of the California Institute of Technology, Seismo­ 
logical Laboratory, Pasadena and Auxiliary Stations beginning in 1931. Compilations, addi­ 
tions, and corrections to the earlier published seismic data were provided by Bolt and Miller 
(1975) for the Berkeley network and by Hileman et al. (1973) for the Caltech network. The
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earthquake parameters in these compilations along with corrections and additional earthquakes 
not previously listed were eventually transferred onto magnetic tape.

Earthquake epicenters for south central California for events with ML2 3.5 from 1932 
through 1969 were selected and plotted (Figures 2A and 2B) from the Berkeley and Caltech 
magnetic tape catalogs. Although there are many Caltech locations reported north of the divi­ 
sion line (Figure 2B), only a few Berkeley locations (Figure 2A) are reported south of the 
line. Figure 2C shows earthquake epicenters from both catalogs only for the study area. 
Many of the events in this figure are duplicate earthquakes; i.e., one earthquake that has been 
assigned a different location (and possibly a different magnitude) by each institution. Such 
duplicate events are relatively easy to identify if the two locations are close enough so that 
their symbols overlap on an epicenter map, such as Figure 2C. If the two locations are very 
different, it can be more difficult to identify the pair of earthquakes as duplicates. For exam­ 
ple, in some cases one of the institutions located an earthquake inside of our study area, while 
the other institution located it outside of the area. There are 246 distinct earthquakes plotted 
in Figure 2C; within our study area only 22 published earthquake locations had been deter­ 
mined using phase data from both Berkeley and Caltech. This past failure to combine the 
phase data from Berkeley and Caltech may be the cause of the difference between the diffuse 
distribution of epicenters in the years 1932-1969 (Figures 2B and 2C) and the rather distinct 
zones of epicenters along the western edge of the Great Valley and along the San Andreas 
fault for earthquakes since 1970 (Figure 1). A careful merging of the Caltech and Berkeley 
data sets for the period 1932-1969 has the potential to either confirm or refute this apparent 
difference in the spatial distribution of earthquakes during the two time periods.

In an effort to build a complete catalog of earthquakes within the study area, I began 
compiling location data from the magnetic tape catalogs and phase data from the station bul­ 
letins for each of the 246 earthquakes in Figure 2C. To resolve conflicts in hypocentral 
parameters I checked original data sheets, laboratory notes from both Berkeley and Caltech, 
and original seismograms for selected earthquakes. Caltech P-arrivals were tabulated from 
microfilm copies of their phase cards (Goodstein and Roberts, 1988). Berkeley P-arrivals 
were obtained from microfiche copies of Bulletin of the Seismographic Stations, vol. 3 - 39. 
Raw P-arrival times, station clock corrections, and corrected P-arrival times were published in 
the Caltech bulletin. The clock corrections were reapplied to the raw readings for a com­ 
parison to the published P times and corrections made when necessary. I was not able to 
apply this checking procedure to Berkeley's published P times, since the raw readings and 
clock corrections were not published. Amplitude data for the Caltech Wood-Anderson 
seismographs were also obtained from microfilm, and Berkeley's Wood-Anderson amplitudes 
were retrieved from original archive files at the University. Additional P-arrival times not 
previously published in the Berkeley Bulletins were also obtained from the archives.

In addition to merging the Berkeley and Caltech data sets for the study area, I also 
looked for earthquakes in the Parkfield area that had been timed by Caltech but which never 
made it into the final bulletins (perhaps because the events were too small). I did this by 
scanning microfilm copies of Caltech phase cards (Goodstein and Roberts, 1988) for the 
period 1 January 1932 through 31 December 1969, looking for earthquakes with S-P intervals 
of 25-28 seconds, 30-33 seconds, and 26-29 seconds at SBC, PAS, and TIN respectively. 
These intervals correspond approximately to epicentral locations in a 40 km by 25 km region 
along the San Andreas fault, centered near the town of Parkfield. This search revealed no 
previously unreported earthquakes with M> 3.5 along the Parkfield segment of the San 
Andreas fault.

I recomputed locations for all events with the program HYPO71PC (Lee and Valdes, 
1985) using the standard four-layer velocity model for central California (Wesson et al., 
1973). The Parkfield earthquakes of 28 June 1966, a AfL= 5.1 foreshock and a ML= 5.6 
mainshock (Bakun and McEvilly, 1984), were centered at a depth of about 9 km and the zone 
of aftershock activity was concentrated at depths between 8 to 10 km (Eaton et al., 1970). 
Therefore, I fixed the hypocentral depth for all events in the 1932-1969 data set at 9 km. I
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relocated the earthquakes with a master event procedure, using travel-time corrections 
estimated from station travel-time residuals for the 1934, 1966, and 1975 Parkfield earth­ 
quakes. All stations within 500 km of Parkfield for which travel-time corrections could be 
determined were used in the earthquake relocations. I also recalculated earthquake magni­ 
tudes from Wood-Anderson amplitude data by applying amplitude station corrections derived 
by Uhrhammer (written communication, 1989) and Richter (1958) to the raw magnitude deter­ 
minations at each station.

A preliminary location run was made using all of the tabulated P-readings. Each event 
was then individually reviewed. Arrival times were rechecked on the original seismograms 
for all events that had any stations with P-residuals greater than three seconds. If an event 
was found to be without P-arrivals from either Berkeley or Caltech, an effort was then made 
to search the seismograms and time any available P-arrivals. Of the 246 published events in 
the study area (Figure 2C) all but ten earthquakes now have P-arrivals from both institutions. 
As noted earlier only 22 events originally had arrivals from both networks.

After all additions and corrections were completed the events were rerun. Twenty one 
relocations were rejected from the final data set. If a solution had very few readings ( < 4) or 
a large RMS residual ( > 1.2 seconds), then the event was eliminated with the exception of 
two aftershocks of the June 1934 earthquake. Seven of these 21 solutions had arrivals only 
from one institution. Station coverage in south central California was improved in the late 
summer of 1961, so relocations of earthquakes occurring after 1961 were deleted if the epi- 
central standard error was > 7.0 km.

The results of the 225 accepted relocations are plotted in Figure 3. When we compare 
Figure 3 with the combined catalogs of Berkeley and Caltech (Figure 2C) we see the result of 
combining the P-arrival times from both institutions. There is a tightening of epicenters at 
both Parkfield and Bryson, and many events have been relocated to the north, out of the study 
area. The spatial distribution of the relocated earthquakes for the years 1932-1969 now bears 
a greater resemblance to the distribution of 1970-1992 events (compare Figures 1 and 3).
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Figure 1. Earthquake epicenters in central California, magnitude 3.5 or greater, from 1 
January 1970 through 31 December 1992 located by the U.S. Geological Survey. Only events 
with 6 or more stations, RMS less than 0.35 seconds, and ERH or ERZ less than 5 km are 
plotted. The group of earthquakes labeled "Coalinga" includes aftershocks of the M 6.5 1983 
Coalinga earthquake. Study area enclosed by bold line. Major faults and physiographic 
features are identified. Faults are labeled: G, Garlock, HG, Hosgri; R, Rinconada; SA, San 
Andreas.
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Pacific 
Ocean

123 118
Figure 2. Earthquake epicenters in central California, greater than magnitude 3.5, from 1 

January 1932 through 31 December 1969. Triangles are stations in operation during any time 
from 1932-1969. Study area enclosed by bold line. Faults identified in Figure 1. Dashed 
line is the historical division line between Berkeley and Caltech. A) University of California 
(Berkeley) earthquakes are plotted as crosses. B) California Institute of Technology (Caltech) 
locations are plotted as squares. C) Berkeley and Caltech earthquakes for study area only - 
criteria for selecting and plotting earthquakes are at least one institution reported location 
within the study area and a magnitude of 3.5 or greater. Corresponding magnitude by other 
institution may be less than 3.5.
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Figure 3. Earthquake relocations for south central California from 1932 through 1969. 
All events are plotted even if the recomputed magnitude is less than 3.5. Faults identified in 
Figure 1.
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Probability Estimation of Large Earthquake Occurrence 
from the Viewpoint of Successiveness of Seismic Activity

Seismological and Volcanological Department, JMA
Noritake NISHIDE

Meteorological Research Institute, JMA 
Masaaki SEINO

1 Introduction

The successiveness of seismic activity that one or more earthquakes take place successively 
after an earthquake occurrence in the vicinity of the earthquake, is a well known fact, and was 
researched in detail based on earthquake data in and around Japan by many seismologist (for 
example, Utsu;1961 & 1969, Mogi;1963). The successiveness of seismic activity is grouped 
into three types, namely, "Mainshock-Aftershock Type", "Foreshock-Mainshock-Aftershock 
Type" and "Swarm Type". There are especially recognized remarkable regional characteristics 
in the occurrence of "Foreshock-Mainshock-Aftershock Type" and "Swarm Type" 
(Mogi;1963 & 1967, Yoshida;1990).
The successiveness of earthquake occurrence in and around Japan was studied here based on 
earthquake data from 1926 to 1990. It will actually be not so easy to discuss the 
successiveness dividing into the above three types because there are many cases of 
overlapping the same types or other types (Utsu;1970), or many intermediate cases of two 
types. So, the time series analysis was done here for foreshocks, mainshocks, and aftershocks 
with magnitude near those of their mainshocks , not grouping into the above three types. 
And then, to see the effectiveness of the method, forecasting seismic activity was tried by 
using methods and expressions of statistics and probability.

2 Data

Earthquakes with M*6.0 and h^ 80 km from 1926 to 1990 in and around Japan except for 
Ryukyu region shown in Fig.l (area;1.35x!06km2) were extracted from the JMA catalogue 
of earthquake origins. Then, after recognizing all aftershocks, small aftershocks whose 
magnitudes were much smaller than that of their mainshocks (AM>1.0), were excluded from 
the data for the time series analysis. The number of earthquakes which were selected through 
these procedures is 532.

3 Point Process Analysis

The analysis method adopted here is the point process model composed of trend terms and 
response (successiveness) terms by Ogata & Katsura (1986). Fig.2 shows the results of the 
time series analysis about earthquakes shown in Fig.l. Fig.2a shows the trend of occurrence 
intensity (number of events per day) of earthquakes as independent events in the model which 
was determined as an optimum model by the above analysis. The occurrence intensity has 
been declining year by year, the number of independent events is estimated at 401 and the 
average through the whole period is l.TOxlO"2 events/day. Fig.2b shows the response 
function as successiveness of seismic activity. The successiveness is large immediately after 
an earthquake occurrence, then decreasing rapidly, and almost vanish in 10 days. Therefore,
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the duration when remarkable successiveness of seismic activity exists is determined here to 
be 10 days.

4 Identification of Successive Events

A successive event is defined as a group of earthquakes that take place in 10 days after an 
earthquake occurrence in the neighboring region which corresponds to the focal region of the 
earthquake. The group can contain not only aftershocks whose magnitudes were near those 
of their mainshocks (AM^l.O) but also foreshocks which took place within 10 days before 
their mainshocks. Under this definition, there are 53 successive events, among which 
"Mainshock-Aftershock Type'Y'Foreshock-Mainshock-Aftershock Type" and "Swarm Type" 
coexist. Then, 532 earthquakes are divided into 401 independent events, and there are 348 
(87%) single events and 53 (13%) successive events. 16 events among 53 successive events 
are "Foreshock-Mainshock-Aftershock Type", which amount to 4% of all independent 
events. O and   denote single events and successive events, respectively in Fig.3.

5 Comparison with the Probability of Earthquake Occurrence calculated by the Poissonian 
Process Analysis

The probability of earthquake occurrence based on the Poissonian process is calculated here, 
and is compared with the empirical probability of "Foreshock-Mainshock- Aftershock Type". 
This comparison has equivalent significance as that between background seismicity and 
number of foreshocks in southern California done by Jones (1985).
Now, independent events of which number is estimated in Section 3 are assumed to take place 
at random according to the Poissonian process in the region shown in Fig.3. Averaged 
number of independent event occurrence in this region is 1.26xlO~8 event/day -km2 . Under 
this assumption, the probability (P0) that a next independent event will occur within 10 days 
after an independent event in the neighboring area which is defined as a circle with radius L 
centering the previous event, can be calculated. L is selected the length of focal region (Utsu, 
1961) expressed as

And M in the above formula is selected the averaged magnitude expressed as
M,v ̂ Ub-lnlOJ + M^

By usingYfnagnitude data of 401 identified independent events u;h:<h con^r\ 98 estimated 
independenUadthout magnitude data, the threshold value of magnitude Mlh=5.95, Mave=6.4 and 
L=25km, so the neighboring area (s) is 2.0xl03km2 in area. There occur 2.5X10"4 independent 
events during 10 days in this neighboring area. So, the probability that one independent event 
or more occur, is calculated as

P0 = {1 - exp(-2.5xlO-4)} x 100 = 2.5xlO~2 (%)
Comparing P and P0, P/P0 « 160, though the empirical probability (P) of "Foreshock- 
Mainshock-Aftershock Type" obtained in the section 4 is as small as 4%. That is, a forecast 
that an earthquake with not less magnitude than a previous one will occur within 10 days 
after the earthquake, will be improved about 160 times with regard to probability when the 
effect of successiveness of seismic activity is made use of, instead of a random process.

6 Successiveness of Earthquake Occurrence in the region off the Pacific coast of NE Japan
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6.1 Point Process Analysis

The regional characteristic is seen in Fig.3 that there are remarkably a lot of successive events 
in the region off the Pacific coast of northern Japan, especially in two sub-regions 
(area;1.30x!05km2) enclosed by broken lines, namely, "Off Etorofu-Island" and "Off-Sanriku 
to Off-Ibaraki Prefecture". This characteristic has already been pointed out by Mogi (1967) 
and Utsu (1969). Fig.4 shows the results of the time series analysis using earthquake data 
in these sub-regions. Fig.4a shows the trend of occurrence intensity of earthquakes as 
independent events in the optimum point process model. The occurrence intensity in these 
sub-regions has also been declining year by year like the nationwide trend shown in the 
Fig.2a,the number of the events is estimated at 98 and the average value is 4.13xlO~3 
event/day. The successiveness shown in Fig.4tM^large immediately after an earthquake 
occurrence, then decreasing rapidly, and almost vanish in 10 days. Therefore, the duration 
of successiveness in these sub-regions is determined to be 10 days just as the nationwide 
case.

6.2 Probability of Successive Occurrence

There occurred 186 earthquakes selected in Section 2, and these earthquakes are grouped into 
92 independent events. Number of successive events under the same definition as that in 
Section 4 is counted up to 34 (37%), while there are 58 single events (63%). 12 events 
among successive events are "Foreshock-Mainshock- Aftershock Type", which are 13% of 
all independent events. In addition, there clearly seems to be a characteristic that the 
successiveness after earthquake occurrence in succession is stronger. Fig.5 shows the 
successiveness of a case that two earthquakes take place in succession. According to this 
example, integral value of the response function of successiveness within next 10 days is 0.47, 
so the probability that one earthquake or more will occur within next 10 days in the 
neighboring area is estimated 38% before the next earthquake occurrence, while the 
probability is estimated, from the integral value (0.74), to rise to 52% if the second 
earthquake follows half a day after the first earthquake. The fact in Table. 1 indicates the 
existence of the mechanism that the occurrence of an earthquake excites the second 
earthquake occurrence and the second earthquake occurrence raises the potential to let the 
third earthquake occur, and it is the statistically averaged result of the mechanism.

6.3 Comparison with the Probability of Earthquake Occurrence calculated by the Poissonian 
Process Analysis

Averaged number of independent events in these sub-regions is calculated to be 3.18xlO~8 
event/daykm2. Assuming independent events to take place at random according to the 
Poissonian process in these sub-regions, the probability (P0) that a next independent event 
will occur within 10 days after an independent event in the neighboring area defined in 
Section 5 can be calculated. By using magnitude data of 92 identified independent events, 
Mavc=6.5, L=28km, and s=2.5x!03km2, there occur 7.8X10"4 independent events during 10 
days in this neighboring area. So, the probability (P0) that one independent event or more 
occur, is calculated as 7.8xlO"2%.
The empirical probability (P) of "Foreshock-Mainshock-Aftershock Type" obtained in the 
section 6.2, 13%, not only is not a low value but also 170 times higher than the probability
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based on the Poissonian process.
That is to say, considering the characteristics of successiveness of seismic activity in these
sub-regions, the forecast of seismic activity change in these sub-regions will be remarkably
improved and may give a high percentage enough to trigger disaster prevention/mitigation
measures.

6.4 Other Characteristics Concerning the Successive Earthquake Occurrence
^independent]

In the case of using M^T.O earthquake data, among 17 'events, there are 3 successive 
events (18%) and 1 "Foreshock-Mainshock" Type (5.9%). These percentages are about a 
half compared with those of independent events with magnitude more than 6. It implies that 
the intensity of successiveness can depend on magnitude of earthquakes. 
Though the duration when the successiveness exists is determined 10 days in the section 6.1, 
there is one event (about 1%) which occurred between 10 and 20 days after the previous 
event. It is gathered that the probability of successive occurrence more than 10 days after 
the previous event could be one order larger than that calculated from the Poissonian process.

7 Application to Actual Seismic Activity and Conclusion

There occurred a sequence of earthquakes on 16-29 July 1992 (1ST), in the sub-region 
examined hi Section 6, that is, off-Sanriku region. Fig.6 shows the epicentral distribution of 
this seismic activity. The first M6.1 earthquake of this earthquake sequence took place at 
0901h on 16 July 1992 (JST), and the M6.9 mainshock took place at 1736h on 18 July 
1992 (JST). Table 2 shows examples of forecasts for this actual seismic activity as an 
application of the result of the analysis in Section 6, on a non-realtime basis. These forecasts 
could tell the real change of the seismic activity very well enough to be utilized for real 
forecasts for seismic activities.
The authors will consider the application to realtime earthquake information service, studying 
for other regions, different magnitudes, and hearing opinions of disaster prevention 
organizations as users.
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Captions

Fig. 1 Epicentral distribution of earthquakes in and around Japan, used for this study. The 
earthquakes with M;>6.0, h^SOkm, from 1926 to 1990 are selected from JMA 
catalogue of earthquakes, and moreover small aftershocks with AM>1.0 are excluded.

Fig. 2 Time series analysis by point process model.
Fig. 2a shows intensity of earthquake occurrence as trend of seismic activity. 
Intensity; frequency per day, and time; total days from Jan. 1, 1926. 
Fig. 2b shows response function as successiveness of seismic activity. Response; 
frequency per day, and time; lapse days after an earthquake occurring.

Fig. 3 Distribution of epicenters of earthquakes as independent events. Open circles and 
closed circles show single events and successive events, respectively. The successive 
events are remarkable in the regions enclosed by broken- lines.

Fig. 4 Time-sequence analysis by Point-process model, based on data of the independent 
events in the regions enclosed by broken lines in Fig. 3 and the successive earthquakes 
following them.
Fig.4a shows intensity of earthquake occurrence as trend of seismic activity, and Fig. 
4b shows response as successiveness of seismic activity.

Fig. 5 Intensity variation in the case that a successive earthquake follows 0.5 day after an 
earthquake occurrence. The intensity integral within 10 days after an earthquake 
occurrence is estimated at 0.47, and the intensity integral within 10 days after a 
successive earthquake occurrence is estimated at 0.75.

Fig. 6 Epicentral distribution of a series of earthquakes in the region off Sanriku on July 16- 
29, 1992. The M6.9 mainshock occurred at 1736(JST), July 18.
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Table.l Successiveness of earthquake in the region off Etorofu Island and off Sanriku- 
Ibaraki Prefecture

independent events 
92(100%)

single events 
58(63%)

successive events 
34(37%)

only 2 events 
17(50%)

more than 2 events
17(50%)

____ii____
only 3 events 

5(29%)
more than 3 events 

12(71%)

only 4 events 
3

more than 4 events 
9
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Table.2 Application to forecasts of earthquakes off Sanriku region, July, 1992

Facts and Information 

(Fact 1) The M6.1 earthquake occurred at 09h01m, July 16, 1992.

(Information 1) The probability that one or more earthquakes with Magnitude 6 or
more will occur within the following 10 days in the neighboring region is
estimated to be usually about 0.1%. 

(Information 2) The probability is estimated to be about 40% using the
successiveness of seismic activity in this region. 

(Information 3) There were 4 cases among 26 cases which were followed by one
or more magnitude 7 earthquakes.

(Fact 2) The M6.9 earthquake occurred at 17h36m, July 18, 1992. The JMA issued the 
Tsunami Attention, and small tsunami was observed.

(Information 4) The probability is re-estimated to be about 50% using the
successiveness of seismic activity in this region. 

(Information 5) (Assuming the above M6.9 earthquake be an M7 class earthquake,)
There was one case among 17 cases that was followed by a larger
earthquake or more after M7 class earthquake occurrence, namely, the 1978
Etorofu Earthquake.

(Fact 3) The M6.6 earthquake occurred at 17h39m, July 18, 1992.

(Information 6) The probability is re-estimated to be about 70% using the 
successiveness of seismic activity in this region.

(Fact 4) The M6.3 earthquake occurred at 19h20m, July 18, 1992. 
(Fact 5) The M6.1 earthquake occurred at 22h56m, July 18, 1992. 
(Fact 6) The M6.0 earthquake occurred at Ilh53m, July 25, 1992. 
(Fact 7) The M6.2 earthquake occurred at 13h30m, July 29, 1992.
(Fact 8) No earthquake with magnitude 6 or more occurred during 10 days until August 8, 

1992. 
(Information 7) The probability is estimated to decrease to about 1%.
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An Overview of the 1992 Joshua Tree, Landers, and Big Bear Earthquake Sequences

Lorraine J. Hwang, and the Staff of the U.S. Geological Survey, Pasadena, CA 
and the California Institute of Technology, Pasadena, CA

The 1992 sequence of moderate to large earthquakes that shook Southern Califor­ 
nia began with the ML 6.1 Joshua Tree earthquake on 23 April 1992 04:50 GMT. 
The earthquake was preceded by several foreshocks including a ML 4.6 event more 
than 2 hrs before the main shock. The main shock was a right-lateral strike-slip event 
(strike: N14W, dip: SOW, rake: 175) at a depth of 12-13 km that propagated northward 
along an unknown fault that did not rupture the surface. Aftershocks along the main 
fault plane extend to a depth of 13 km while aftershocks on adjacent secondary struc­ 
tures were shallower (< 8 km). Aftershocks migrated to the south near the San 
Andreas fault and north eventually crossing the Pinto Mountain fault.

The MS 7.5, MW 7.3 Landers event of 28 June 1992 11:58 GMT (1 x 10 ** 27 
dyne-cm) is the largest earthquake in the sequence and the largest in the region in 40 
yrs. The Landers earthquake was preceded by a tight cluster of foreshocks beginning 
12 hrs before the main shock. The main shock started as a small event that within 
seconds grew to a MS 7.5 event whose rupture propagated towards the north rupturing 
segments of the Johnson Valley, Homestead Valley, Emerson and Camp Rock faults. 
Source studies show the event ruptured along an almost vertical, right-lateral strike-slip 
fault that initially trended NS. The strike of the event changed about 26 degrees as the 
rupture jumped along fault strands that strike progressively westward. Aftershocks 
extend 65 km to the north of the main shock epicenter and 40 km to the south crossing 
the Pinto Mountain fault through the Joshua Tree aftershock zone. The estimate of 
slip distribution determined from empirical Green's functions is consistent with telese- 
ismic data and the surface offsets mapped in the field and geodectic observations.

The largest cluster of off-fault aftershocks for the Landers event is due to the 
M6.6 Big Bear event on 28 June 1992 (3 x 10 ** 25 dyne-cm) that occurred just 3 hrs 
(15:05 GMT) after the Landers main shock. Its epicenter lies 30 km west of the 
Landers main shock and its aftershocks extend 20 km along a northeast trend. Its 
focal mechanism and aftershocks indicate rupture along a northeasterly striking, steeply 
dipping, left-lateral strike-slip fault.

The Joshua Tree and Landers event occurred on the southernmost end of the 
Mojave shear zone. These events are thought to represent transfer of motion from the 
San Andreas fault in the Imperial Valley to the Basin and Range province in eastern 
California, Nevada, and Utah.
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ABSTRACT

The M 7.4 Landers earthquakes of June 28, 1992, triggered a remarkably sudden and 

widespread increase in earthquake activity across much of the western United States. 

The triggered earthquakes, which occurred at distances up to 1250 km (seventeen 

source dimensions) from the Landers mainshock, were confined to areas of persistant 

seismicity and strike-slip to normal faulting. Many of the triggered areas also are sites 

of geothermal and recent volcanic activity. Static stress changes calculated for elastic 

models of the earthquake appear too small to cause the triggering. The most promising 

models involve non-linear interactions between large dynamic strains accompanying 

seismic waves from the mainshock and crustal fluids (perhaps including crustal 

magma).
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At 1158 UT (04:58 PDT) on June 28, 1992, southern California was rocked by 

the magnitude (M) 7.4 Landers earthquake, the largest earthquake to strike the region 

in 40 years (1). The earthquake resulted from a northward propagating rupture produc­ 

ing up to 6 m of right-lateral, strike-slip displacement on a series of faults extending 

over 70 km north-northwest into the Mojave desert from its epicenter 5 km southwest 

of the town of Landers (Figure 1). Within minutes after the Landers mainshock, earth­ 

quake activity abruptly increased at widely scattered sites across the western United 

States (2). This abrupt, widespread and unexpected increase challenges the skeptical 

view held by many seismologists regarding triggered seismic activity at great distances 

from an earthquake. Indeed, the observations presented here strongly point to a direct 

physical (causal) link between the Landers earthquake and the sudden increase in 

seismicity throughout the western United States.

That earthquake activity can be triggered by a nearby source is well known. Aft­ 

ershocks of large and moderate earthquakes commonly occur at distances of one or 

two source dimensions from a mainshock (3). Seismicity induced by human activities 

(which include the underground detonation of nuclear explosions, filling or emptying 

of water reservoirs, injecting and extracting fluids in deep boreholes, and mining) is 

usually confined to an area within a few tens of km or less of the inducing source (4). 

In marked contrast, the widespread surge in post-Landers seismic activity extended 

over 1250 km (17 source dimensions) from the mainshock.

Traditional skepticism regarding remotely triggered activity has its roots, in part, 

in the lack of statistical significance associated with an increase in earthquake activity
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at a solitary, remote site after a large earthquake, and, in part, in the lack of a plausible 

physical model for remote triggering. In particular, earth models based on linear elas­ 

ticity, which have enjoyed enormous success in explaining a vast range of seismologi- 

cal phenomena, seem incapable of explaining triggered seismicity beyond a few source 

dimensions of an earthquake rupture (5). The simultaneous increase in seismic activity 

at many remote sites following the Landers earthquake thus forces consideration of 

new models that include non-linear interactions to explain remote triggering.

In this paper we document the spatial distribution and temporal evolution of the 

seismic activity that followed the Landers raainshock and the tectonic settings in which 

the activity occurred. We argue that this activity is not explained by random coin­ 

cidence, and we comment briefly on evidence for remote triggering by other major 

(M £ 7) earthquakes. We conclude by exploring some possible physical processes that 

might explain remote triggering.

Distribution and nature of triggered seismicity. Recognition of remotely trig­ 

gered seismicity depends critically on the distribution of seismic networks. Because the 

networks operating in the western United States and northern Mexico (Figure 1) do not 

provide spatially uniform coverage and their detection thresholds vary, our recognition 

of seismicity triggered by the Landers event is probably incomplete. For example, a 

sequence of M < 2 earthquakes triggered in southeastern Oregon or southern Arizona 

would not be detected by any of the operating networks. Furthermore, before the late 

197CTs many of the present networks were sparse or non-existent Had the Landers 

earthquake occurred prior to then, the chances are poor that triggered activity would
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have been recognized.

The most dramatic increase in earthquake activity occurred in the Landers aft­ 

ershock zone (Figure 2), which we exclude from further consideration in this paper (6). 

We also exclude from consideration possible triggered activity in southern California 

between the Oarlock fault and Mexico, for which a complete earthquake catalog is not 

yet available. We note, however, two candidates for triggered activity in southern Cali­ 

fornia: a cluster beneath Pasadena 60 km west of the aftershock ellipse that included a 

M =3.9 event on June 29, and a lineation of earthquakes along and east of the White 

Wolf fault (source of the M = 7.5 Kern County earthquake of 1952).

North of the Oarlock fault, post-Landers earthquake activity was concentrated 

within a belt of persistent seismicity and Holocene faulting that extends north- 

northwest from the southern margin of the Great Basin (7) along the Sierra Nevada- 

Great Basin boundary zone (SNGBZ) as far north as the southern Cascade volcanoes 

in northern California (10). Triggered activity outside the SNGBZ occurred in more 

isolated sites, each also with a history of persistent seismic activity (Figures 2 and 7). 

Particulary noteworthy aspects of the triggered sites include: 1) all sites of (recognized) 

remote triggering are north of the Landers mainshock, and 2) all are sites of persistent 

seismicity showing strike-slip to normal faulting (i.e., having horizontal least principal 

stress). At the same time, many sites of persistent seismicity north of Landers did not | 

respond with triggered seismicity. Most notably, the active sections of the San Andreas 

fault system in central and northern California, the Intermountain seismic belt in cen­ 

tral Utah, and the central Nevada belt (8) showed no response. Many sites of remotely
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triggered activity are closely associated with areas of geothermal activity and/or young 

volcanism (last 1 my). Sites of triggered activity not closely associated with geother­ 

mal activity or post 1-my volcanism are concentrated just east of the California- 

Nevada border from the eastern side of the the White Mountains northwest to the 

Excelsior Mountains and beyond to Lake Tahoe. The association is marginal for trig­ 

gered sites in southern Nevada (Little Skull Mountain) and western Utah (Cedar City), 

which have no nearby geothermal systems but are within 20 km of Pliestocene (< 1 

my) basaltic vents (9). Only a fraction of the seismically active geothermal and young 

volcanic systems, however, responded with triggered activity. The seismogenic Braw- 

ley and Cierro Prieta geothermal areas in the Imperial Valley - Salton Trough south of 

Landers (A = 150 - 250 km) are particularly notable for the absence of triggered 

activity (9a).

Both the maximum magnitude and the total seismic moment of the remotely trig­ 

gered earthquakes decreased with distance from the Landers epicenter (Table 1 and 

Figure 4). The largest triggered earthquake was a M = 5.6 event beneath Little Skull 

Mountain in southern Nevada (A = 240 km) on 29 June at 1014 UT located approxi­ 

mately 20 km east of a group of basaltic vents with date estimates ranging from 0.02 

to 1.0 my (9). This earthquake, which had an oblique normal mechanism with an 

NW-SE T-axis orientation, was preceded by at least 19 smaller events within 100 km 

of Little Skull Mountain beginning at most 91 minutes after the Landers mainshock' 

(earlier events could have been obscured by seismic waves generated by the intense 

Landers aftershock activity). It is the largest earthquake to occur in this secton of the 

southern Great Basin since 1868.
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Triggered activity along the eastern margin of the Sierra Nevada and adjacent 

sections of western Nevada (the Sierra Nevada-Great Basin boundary zone, or 

SNGBZ) was concentrated in scattered clusters from the Indian Wells Valley-Coso 

area north of the Garlock fault (A = 150 km) to the vicinity of Lake Tahoe (A = 500 

km). The SNGBZ is marked by numerous Quaternary basaltic and rhyolitic volcanic 

centers and geothermal areas, and has been a persistent source of moderate-to-large 

earthquakes throughout historic time, which dates from the mid-1800's (10). Long Val­ 

ley caldera has been the most active area within the SNGBZ over the last decade with 

recurring earthquake swarms and over 0.5 m of ground uplift, and it is the site of the 

most recent volcanism within the SNGBZ with eruptions just 500-600 years ago (11). 

The triggered seismicity within the SNGBZ, which included numerous events in the 

M = 3-4 range, coincides closely with the locations and depths of earthquakes located 

there over the past several decades. Specific areas of triggered activity within the 

SNGBZ include (see Figure 2): a 60-km-long, north-northwest-trending lineation 

along the base of the Sierra Nevada from Indian Wells Valley (I) to the vicinity of 

Coso Hot Springs (C); a diffuse cluster cutting westward from the California-Nevada 

border near 37° N across the northern end of Death Valley (D) through the Inyo 

Mountains into Owens Valley (OV); a dense cluster concentrated in the south moat of 

Long Valley (LV) caldera; three clusters along the California-Nevada border, two east 

of Long Valley along the east margin of the White Mountains (W) and one north of 

Long Valley in the Mono Basin (M); a cluster elongated to the northeast in the Excel­ 

sior Mountains (E) in western Nevada; and a diffuse lineation along the eastern margin 

of the Sierra Nevada between Bridgeport and Lake Tahoe (LT).
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The triggered swarm near Cedar City in southwestern Utah (A = 470 km) 

included more than 60 earthquakes (at least 7 of which were felt locally) within the 

Hurricane fault zone, the principal bounding fault between the Colorado Plateau and 

the eastern Great Basin, and within 15 to 20 km of Quaternary basalt flows with dates 

of 1.0 to 1.2 my (9). No other sites along the seisraically active, eastern margin of the 

Great Basin (the Intermountain seismic belt [12]) showed evidence of triggered 

activity.

Beyond 600 km, isolated clusters of less intense activity occurred in the Geysers 

geothennal area (A = 740 km), the southern Cascade range (A = 810-920 km), Yel- 

lowstone National Park (A = 1270 km), and western Idaho (A = 1100 km). The trig­ 

gered activity at the Geysers consisted of a surge of M < 1 earthquakes that began 30 

s after the Landers S-wave arrival, and decayed to background levels three hours later 

(Figure 6a). This is the only triggered activity recognized within the northern San 

Andreas fault system. In the southern Cascade Range, earthquake activity increased at 

Lassen Peak, Medicine Lake caldera, and near Burney (an area covered by Quaternary 

lava flows). Triggered seismicity near Cascade, Idaho, was located in the western part 

of the Idaho batholith (see Figure 7) some 15 km west of the nearest hot spring. The 

roost distant candidate for activity triggered by the Landers mainshock occurred in a 

small cluster (A = 1250 km) 15 km northwest of Yellowstone caldera in Yellowstone 

National Park (13) (see Figure 7).

Temporal patterns in triggered activity. The apparent onset of triggered 

seismicity (time of the first detected earthquake after Landers) varied from site to site
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(Figure 3, Table 1), from 30 s after passage of the Landers S wave to 33 hours after 

the Landers main shock. Establishing the onset time is important both for judging sta­ 

tistically whether triggering has taken place (ruling out random coincidence) and for 

constraining physical models for remote triggering. In general, the recognized onset 

time will depend on the local rate of seismicity and the sensitivity of the seismic net­ 

work, both of which vary regionally. In addition, the temporary obscuring effect of 

coda waves from the Landers mainshock and its largest aftershocks may have masked 

otherwise detectable local earthquakes at some sites.

Hie strong direct waves and the reflected and scattered coda waves produced by 

the mainshock and its large aftershocks tended to obscure the onset time of the trig­ 

gered activity. Our approach to this problem takes advantage of the fact that seismic 

waves from nearby earthquakes are relatively rich in high frequency energy, while 

waves from the Landers mainshock, having traveled a long distance, are relatively 

depleted in high frequency energy due to intrinsic attenuation and scattering. Applying 

a 5 to 30 Hz band-pass filter to seismograms effectively eliminates the mainshock coda 

at distances beyond 500 km and enhances the local earthquakes (Figure 5). The result 

shows that in Long Valley caldera (A = 415 km) and the Geysers (A = 740 km), the 

triggered activity began 30 to 40 s after the S-wave arrival from the Landers earth­ 

quake and during the passage of the large-amplitude Lg and Rg surface wave trains 

(14). No evidence for such early activity was found at Parkfield, the White Mountains, 

Mono Basin, western Nevada, Lassen, Burney, or Yellowstone. Inadequate station 

coverage or severe signal clipping made this analysis impossible at the other sites 

listed in Table 1.
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Using the earthquake catalog data, we tested the hypothesis that the observed 

onset of activity at each site is consistent with an instantaneous increase in local 

seismicity rate at the time of the Landers earthquake (15). We were unable to reject 

the hypothesis at all but one of the sites, a result consistent with a causal link between 

the Landers earthquake and the remote earthquake activity.

It is possible that the increased seismicity rate at some sites is merely coincidental 

(having no causal link) with the Landers earthquake. Although the post-Landers surge 

in seismicity is unusual at each site, all of the sites are seismically active and have had 

seismicity surges (swarms) in the past (see, for example, the swarm on day 35 at 

Lassen Peak in Figure 3). Considering the relative infrequency of these seismicity 

surges, however, we believe non-causal coincidence to be unlikely for the post-Landers 

activity (16).

The duration of the triggered activity at a given site showed no clear correlation 

with distance from the Landers rupture (Figure 3,6, Table 1). At Long Valley and the 

Geysers, where seismicity is normally high, the triggered seismicity occurred as 

smooth transient surges in seismicity with durations of a few days and a few hours, 

respectively (Figure 6), while at Mono Basin and Burney, triggered activity showed lit­ 

tle sign of diminishing after three weeks or more. The increase in number of events 

after the Landers earthquake varied widely from site to site, apparently uncorrelated 

with distance from Landers. As summarized in Table 1, however, the maximum mag­ 

nitude of triggered earthquakes at each site generally decreased with distance from 

Landers.
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Supporting observations. Observations of both permanent and dynamic strain 

changes at sites of remotely triggered seismicity help constrain possible triggering 

processes. Of all the sites showing triggered activity, however, only Long Valley cal- 

dera has continuous deformation-monitoring instrumentation. Here, data from daily 

measurements of a two-color geodimeter network showed no strain changes above its 

resolution of about 0.3 microstrain (17). Continuous data from a 200-m-deep borehole 

dilatometer 4 km west of the caldera show an instantaneous compressional strain step 

of about 3x1 (T9 between the Landers P and S waves, followed by a slower compres- 

sional pulse that builds to about 2x10~7 during the five days after the mainshock and 

returns to the background level over the next few weeks (Figure 6).

Information on dynamic stresses comes from on-scale records of the Landers 

mainshock recorded on both broad-band, digital seismometers and dilatometers (Table 

1; 18). The dilatometers provide a direct measurement of dilatational strain, 6, and the 

associated dynamic mean stresses are o" = *6, where k is the bulk modulus. The 

seismometers provide data on particle velocities, which are proportional to dynamic 

stresses (19). Peak particle velocities and dilatational strains (and thus peak dynamic 

stresses) occur within the S-wave coda at distances beyond about 300 km, and include 

early parts of the fundamental-mode Rayleigh (Rg) and Love (Lg) wave train, with 

dominant periods in the range 5 to 20 s (see Table 2).

The distribution of peak dynamic stresses from the Landers mainshock (Figure 7) 

shows a strong directivity effect associated with the northward propagation of the 

mainshock rupture. Peak dynamic stress values north-northwest of the mainshock are
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roughly twice those at comparable distances to the west, and over three times those to 

the south. For example, at A = 410 km the peak dynamic stress was 1-2 bars at 

Parkfield, but 3-4 bars in Long Valley caldera. Peak dynamic stresses in the San 

Francisco Bay area produced by the Landers mainshock (1.2-1.5 bars) are roughly 

twice those produced by the M = 7.0 Petrolia (Cape Mendocino) earthquake (0.5-0.6 

bars), while the distance from the Bay area to Landers is nearly twice that to Cape 

Mendocino.

Well-aquifer systems can behave as band-limited volume strain meters, and the 

response of such systems to the dilatational strains of Rayleigh waves from distant 

earthquakes is well documented (20). Preliminary data from water wells at Yucca 

Mountain (25 km northwest from Little Skull Mountain) and Long Valley caldera 

show pronounced transient fluctuations (amplitudes from less than one cm to several 

in) associated with seismic waves from the Landers mainshock, but no clear evidence 

for static offsets in local water table levels (21).

Remote triggering by previous large (M £ 6.5) earthquakes? It might at first 

appear from the paucity of examples in the literature that the triggering of remote 

seismicity by large earthquakes is exceptional. The activity triggered by the Landers 

earthquake, however, consists largely of small (M £ 3) events in relatively remote 

areas, and, as noted earlier, our ability to recognize reliably this level of seismic 

activity dates only from the late 1970s with the deployment of dense, telemetered 

seismic networks and computer-based, real-time data processing systems (22). Indeed, 

pushing the search for evidence of remote triggering further back in time forces us to
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consider progressively larger (and thus less common) earthquakes, in turn pressing the 

issue of statistical significance.

Four other M = 7 earthquakes have occurred in the western United States since 

1980: the M - 7.3 Eureka, California, earthquake (located 50 km west of Cape Men- 

docino) of 8 November 1980, the M = 7.0 Borah Peak, Idaho, earthquake of 28 

October 1983, the M = 7.0 Loma Prieta, California, earthquake of 18 October 1989, 

and the M = 7.0 Petrolia, California, earthquake of 25 April 1992. However, with the 

possible exception of minor swarm activity at the Geysers geothermal field coincident 

with the 1989 Loma Prieta and 1992 Petrolia earthquakes (distances of 220 and 230 

km from the Geysers, respectively), none of these M = 7 earthquakes appears to have 

triggered remote seismicity (23). The 1980 Eureka earthquake was essentially the same 

size as the Landers earthquake (both with seismic moments MQ = IxlO27 dyne-cm). 

The other three events are smaller by factors of 2 to 5, with seismic moments ranging 

from M0 = 2X1026 (Loma Prieta) to M0 = SxlO26 dyne-cm (Petrolia). It is particularly 

noteworthy that neither the 1980 Eureka nor the 1992 Petrolia earthquakes near Cape 

Mendocino triggered seismicity in the vicinity of the southern Cascade volcanoes (dis­ 

tances 200 to 250 km), while just 64 days after the Petrolia event the Landers earth­ 

quake did trigger activity in the southern Cascades (A = 800 to 900 km). It is perhaps 

also noteworthy that the Eureka and Petrolia ruptures propagated to the southwest and 

west, respectively, (away from the continental United States) while the Landers rupture 

propagated to the north and in the direction of the triggered activity. In any case, it 

appears that the conditions for remote triggering involve more than simply the 

occurrence of a M £ 7.3 (or M0 £ IxlO27 dyne-cm) earthquake.
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Remote triggering may have occurred after the 1906 San Francisco M8;/< earth­ 

quake. Eight felt earthquakes occurred during the first 2 days within 700 km of San 

Francisco, most notably including a M6.2 event in the Imperial Valley 11 hours after 

the mainshock. Similarly, seven M 2-3 events near Riverside, California (distance 100 

km) occurred within the first 6 hours after the M7.7 1952 Kern County earthquake. If 

the Imperial Valley and Reverside events were triggered, the triggering is not very 

"remote**, as they lie within 2 and 2.5 rupture lengths from their respective mainshock 

sources.

Two additional candidates for remote triggering that have come to our attention 

involve an abrupt seismicity increase in Rabaul caldera (Papua New Guinea) on 10 

May 1985 following & M =1.2 earthquake in New Britain 180 km away (24) and a 

swarm of some 30, locally felt earthquakes on Kyushu, Japan, that began about 16 

minutes after the the great (Af = 8) Nankaido earthquake of 21 December 1946 at a 

distance of 450 km (25). In both cases, the putative triggered activity occurred in close 

association with sites of young volcanism and geolherraal activity.

Triggering mechanisms. Competitive models for the remote triggering process 

fall into two broad classes: one involving the static stress changes in the crust pro­ 

duced by the dislocation along the Landers rupture surface, and the other involving the 

dynamic stresses associated with the propagating seismic waves generated by abrupt 

slip along the rupture surface. In both, remote triggering involves brittle slip on local, 

favorably oriented faults induced by an incremental change in the local stress field 

sufficient to overcome frictional strength and/or an incremental reduction in effective
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fxictional strength.

Static stress changes decrease rapidly with distance (as r~3, compared to r~2 and 

r"1 for dynamic stresses associated with body and surface waves, respectively) for a 

dislocation in an elastic half space. Maximum static shear stress changes calculated 

for the Lenders earthquake, for example, fall below daily tidal stress changes (26) at 

distances beyond about 250 to 300 km (Table 1; Figure 7). The dilatational component 

of the static strain change calculated for this model in the vicinity of Long Valley cal- 

dera (A = 420 km) agrees in both sense and magnitude with the -SxlO"*9 compres- 

sional strain step detected by the borehole dilatometer in the caldera.

The small size of static stress (or strain) changes for the Landers mainshock at 

distances beyond about 250 km argues against their efficacy as a triggering mechanism 

for remote seismicity. Before completely discounting the role of static stress changes 

in remote triggering, however, it is worth noting that 1) static changes act for much 

longer times than either tidal or dynamic changes, and 2) the continental crust in tec- 

tonically active areas may behave more like an array of blocks with relatively weak 

boundaries (faults) than a homogeneous elastic half space (27). Static strain changes 

within weak boundaries (fault zones) between blocks may show considerable devia­ 

tions from those predicted for a homogeneous half space. The ability of static strain 

changes within weak zones to trigger local seismicity may be further enhanced if the 

weak zones are relatively impermeable such that the strain changes drive large changes 

in local pore pressure (28).
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The relatively large, northward-directed dynamic stresses associated with the 

shear-wave coda and the fundamental mode Love (Lg) and Rayleigh (Rg) waves with 

periods in the range 5 to 20 s (Figure 7) admit several possible mechanisms for the 

triggering process. In principal, an S wave (or Lg wave) polarized in the plane of max­ 

imum tectonic shear stress could trigger slip on favorably oriented faults that were 

close to the failure threshold. S- or Lg-waves propagating through a locally hetero­ 

geneous stress field will generate particle accelerations in the direction of propagation 

and transient stresses normal to the shear plane (29). The combination would facilitate 

slip on an optimally oriented fault by temporarily reducing the normal stress acting 

across the fault plane. The non-linear nature of constitutive laws for fault friction (30) 

admits the possibility that the frictional strength of faults can be lowered as the fault 

planes are "worked" by the dynamic strains of the passing wave field, thereby trigger­ 

ing slip on faults near the failure threshold.

An important set of non-linear processes that may contribute to remote triggering 

involves the interaction of the dilatational component of crustal Rayleigh (Rg) waves 

with fluids in the crust Peak dynamic stresses associated with Rg (and Lg) waves at 

mid-crustal depths are on the order of a few bars at distances to at least 500 km (Fig­ 

ure 7, Table 1) (19). We noted earlier (20) the pronounced transient response of water 

wells and unconfined aquifers to passing Rayleigh waves from large, distant earth­ 

quakes. In the case of confined fluids, the Rayleigh waves may act as a hydraulic 

pump, with the compression^ phase irreversibly driving pore fluids to shallower 

depths, thereby lowering the effective strength of faults in the upper (brittle) crust 

Vertical fluid motion may be favored in tectonic environments characterized by strike-
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slip to normal faulting (least principal stress horizontal) where fluid-filled cracks tend 

to grow in vertical planes. Hydrothermal systems may be particularly susceptible to 

such a process because super-hydrostatic pore fluids associated with rocks in the plas­ 

tic domain (temperatures above 350-400° C) may exist at relatively shallow depths 

(31). At a somewhat more speculative level, the large dilatational strains associated 

with Rg waves interacting with magma bodies in the upper crust may accelerate the 

exsolution of volatile components, temporarily increasing pressure within the magma 

body or pore pressure in the overlying rock due to an increased flux of volatile com­ 

ponents out of the magma body (32). Alternatively, crustal magma bodies that are 

predominately crystalline with only a small melt fraction behave as solids rather than 

as liquids at small strain levels (i.e., they transmit shear waves). If the large dynamic 

strains associated with the surface waves caused such a magma chamber to liquify, this 

would release any differential stress it supported and transfer this load to the surround­ 

ing crust, triggering earthquakes in much the same way that stress redistribution in an 

earthquake triggers aftershocks.

Possibly, a combination of processes contribute to the observed triggering, with 

the dominant process at a given site determined by the local crustal environment and 

location (both distance and azimuth) with respect to the mainshock source. The close 

association of most sites of triggered activity with recent volcanisra and geothermal 

systems, for example, suggests that the interaction of the dilatational components of 

the strain field from the Landers earthquake with geothermal fluids or crustal magma 

bodies may be an important triggering process. At Long Valley caldera, the close tem­ 

poral association between seismicity rate and the increasing portion of the transient
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corapressional strain pulse (Figure 6) strongly points to an increase in fluid pressure 

somewhere in the upper crust driving the triggered seismicity.

The fact that the triggered activity persisted hours to a week or more after seismic 

waves from the Landers event subsided (and apparently in some cases may not have 

begun until after the seismic waves had subsided) emphasizes that the triggered 

activity was not driven directly by the dynamic stresses. Indeed, all of the triggered 

sites coincide with regions of persistent, low-level seismic activity, indicating that local 

stresses were close to the threshold for brittle failure immediately prior to the Landers 

earthquake. Whatever the triggering processes were, their result was a cascading 

failure sequence (earthquake swarm) within a crustal volume already loaded to a criti­ 

cal stress state (33). The form and duration of individual triggered sequences are 

probably influenced by the same factors (the degree and characteristic dimension of 

fracturing, pore pressure, permeability, etc.) that influence the evolution of an aft­ 

ershock sequence.

Our observations of remote triggering of seismicity after the Landers earthquake 

focus attention on the nature of earthquake fault interaction and the mechanics of the 

seisraogenic crust While elastic dislocation models in homogeneous media may 

explain the occurrence of aftershocks within one to two rupture lengths away from a 

fault, the predicted static stress changes at greater distances seem too small to explain 

remote triggering. The temporal form and spatial distribution of the remote triggering 

point, instead, to an alternate class of explanations involving critically loaded faults in 

a heterogeneous crust, static strain amplification within weak boundaries (fault zones)
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between crusial blocks, and the non-linear interaction between dynamic stresses in 

seismic waves and crusial fluids. Although no single model seems capable of explain­ 

ing all the triggered activity following the Landers earthquake, this general class of 

explanations is appealing because it involves geologically more realistic crusial models 

than does the classical, homogeneous view. Indeed, the greatest importance of the 

Landers triggering observations may be in the new, clear evidence they provide lead­ 

ing toward a view of crustal mechanics more geologically and structurally complex, 

and away from the classical paradigm of a homogeneous, linear elastic halfspace.
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the Geological Sciences, D.A. Yuen, Ed, (Springer-Veriag, 1992), 293-303.]
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TABLES

Table 1. Summary of earthquake data and modeling results. 

Table 2. Observations of dynamic stress.

FIGURE CAPTIONS

Fig. 1. Map showing seismograph stations in the western United States and Mexico at 

the time of the Landers earthquake (2). The Landers mainshock rupture is shown 

by heavy solid line. Major physiographic provinces are outlined by dashed lines. 

Abbreviations: CP-SRP = Columbia Plateau-Snake River Plain.

Fig. 2. Map showing earthquake earthquake activity detected by the combined seismic 

network in the 10-day period immediately after the Landers earthquake. Major 

physiographic provinces are outlined by dashed lines. Faults with quaternary 

movement are shown by solid lines. Shaded ellipse extending approximately 100 

km beyond the Landers rupture represents the aftershock zone. Abbreviations: 

AZ = Arizona; B = Burney; C = Coso Hot Springs; CA = California; CC « Cedar 

City, Utah; CM = 1992 Cape Mendocino earthquake epicenter, CNSB » Central 

Nevada seismic belt; D = Death Valley; E = Excelsior Mountains; G = Geysers; 

GF = Garlock fault; HFZ = Hurricane fault zone; I = Indian Wells Valley; IV = 

Imperial Valley; K » 1952 Kern County earthquake epicenter, LP = 1989 Loma 

Prieta earthquake epicenter; L = Lassen Peak; LV = Long Valley caldera; LT = 

Lake Tahoe; M » Mono Basin; ML « Medicine Lake caldera; MS « Mount
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Shasta; NV = Nevada; OV = Owens Valley; P « Parkfield; PA « Pasadena; SAP 

= San Andreas fault zone; SCR « Southern Cascade Range; SM = Little Skull 

Mountain; UT = Utah; W = White Mountains; WF = Wasatch fault zone; WW « 

White Wolf fault

Fig. 3. Cumulative number of earthquakes in selected zones, beginning January 1, 

1992. Numbers in parentheses are distances (km) from Landers earthquake. Total 

number of earthquakes in each zone is shown at right Vertical lines mark times 

of the April 25, 1992 Petrolia (Cape Mendocino) (M = 7.0) and Landers 

(M = 7.4) earthquakes.

Fig. 4. Cumulative seismic moment in selected zones, beginning January 1, 1992. 

Numbers in parentheses are distances (km) from Landers earthquake. Total 

seismic moment (in dyne-cm) for each zone is shown at right Vertical lines 

mark times of the Petrolia (Cape Mendocino) (M = 7.0) and Landers (M = 7.4) 

earthquakes.

Fig. 5. Unfiltered and filtered vertical-component, ground-velocity seismograms from 

low-gain Calnet stations at Long Valley caldera, the Geysers geothermal area, and 

Parkfield. Number next to filtered trace indicates its magnification relative to 

corresponding unfiltered trace. "S" indicates arrival of Landers S-wave. "1" indi­ 

cates first identified triggered event at each site.

Fig. 6. Response of seismicity and strain to the Landers earthquake. (A) Cumulative 

number of earthquakes detected at the Geysers geothermal area in a 24-hour
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period surrounding the Lenders earthquake. (B) Cumulative number of earth­ 

quakes detected at Long Valley caldera between June 1 and August 20, 1992. (C) 

Dilatational strain recorded at Devils Postpile, located approximately 10 km west 

of the triggered seisraicity in Long Valley caldera, during the same interval. 

Increasing values correspond to increasing compression. Tidal strains and a secu­ 

lar dilatational strain rate of -0.007 microstrain/day have been removed, but a 

residual tidal strain signal remains. The transient dynamic Landers signal (6.4 

microstrain) is not shown on this record.

Fig. 7. Map showing static mean stress change and peak dynamic stress in bars for 

the Landers mainshock at mid-crustal depth together with the first 10 days of 

post-Landers seismicity. The static mean stress change was calculated for an 

elastic half-space using the three-dimensional boundary element subroutines of 

Okada (34) and a model for the Landers rupture based on Caltech Terrascope 

data and surface slip observations (1). T" indicates typical range of tidal streses. 

Shading shows the expansional quadrants; the compressional quadrants can be 

filled in by 90° rotation of the shaded pattern and a sign change. (Maximum static 

shear stress changes resolved onto vertical planes based on the same model are 

listed in Table 1.) Numbers indicate peak dynamic mean stress from borehole 

dilatometer data (triangles) and peak dynamic shear stress from regional digital 

seismic stations (diamonds). Value at Parkfield is mean of 6 dilatometer observa­ 

tions. Parenthetic numbers are peak dynamic stresses for the M = 7.0 Petrolia 

(Cape Mendocino) earthquake, shown for comparison. Contours suggest general 

pattern of peak dynamic stresses from the Landers mainshock without distinguish-
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ing between mean and shear stresses.
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Table 1.  Summary of earthquake data and modeling results.

Region

f^jtia Lake

Skull Mountain

Death VaDey

White Mountains t

Parkfieldt

Long Valley f

Mono Basin t

Cedar City

Western Nevada t

Geysers (9) t

Lassen t

Buroey t

Cascade, Idaho

Yellowstone t

Approxm 

Om)

165-205

240

500

380-420

410

415

450

490

450-650

740

840

900

1100

1250

ite Distance 

Scarce 
Lengths 0)

2J-2.8

32

4.1

5.1-5.7

5.5

5j6

6.1

6.6

6.1 - 8.8

10.0

10.9

12.4

14.9

16.9

Static Stress G 

(bar)

2-6xlO-J

2.8 1 10-J

8.0 1 1(T3

23 -3.0 a 1C"1

6.9 1 ICT*

2.8 1 10-'

1.9 x 10-'

3.6 x 1(TS

0.6-2.0xl(Ts

8.7 x 10-4

3.9 x 10-«

2.9x10-*

23*10*

2JxlO-«

bange<2) 
Fraction 

of Tidal (3)

1-3

1.4

0.4

0.3

035

0.14

0.05

0.18

0.03 - 0.1

0.04

0.02

0.015

0.01

0.01

Maximum 

Magnitude 
(4)

4.4

5.6

3.6

3.7

 

3.4

3.1

4.1

4.0

1.6

2.8

2.8

1.7

2.1

N> 

(5)

4

10

6

0

8

38

3

0

58

70

0

1

0

0

*.
(6)

44

59

11

V

11

340

12

39

504

60

14

9

38

16

7l 
<hrX7)

8.6

1.5

5.3

11.6

 

0.15

19.1

0.63

0.15

0.05

0.2

23.0

33.3

1.8

r.
<hrX8)

4.6

0.9

12.4

12.0

 

0.052

12.0

U

0.10

0.01

5.4

21.0

U

2.1

1. Assumes a source length of 74 km based on surface faulting observations.

2. Maximum static horizontal shear stress change on optimally oriented vertical planes.

3. Assumes daily tidal stress variation of 2x10"2 bar.

4. During first week of triggered activity.

5. Numbers of evenu located during 7 days preceeding the Linden mainshock (June 21 to June 28).

6. Numbers of evenu located during 7 days foDowing the Landers mainshock (June 28 to July 5).

7. 7*i is defined as time between Landers mainshock and first located post-Linden ranhqnakr.

8. Tm is defined as mean interevent time of first 10 local earthquakes in post-Landers activity. T\ and Tm reflect only earthquakes 
included in catalogs.

9. N« and A/» reflect Calnet data. 7, and Tm reflect Unocal data.

t Indicates regions where high-pass filtering of seismograms was used to extract early events from Landers coda.
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Table 2.  yDbservations ^dynamic stress.

Station

SVD
PFO
GSC
PUBS
PAS
ISA
SBC
RHDS
JCDS
GH1S
DLDS
FRDS
VCDS
POPS
SAO
CMB
MHC
STAN
BKS
ASC

Type

3
3
3
1
3
3
3

3
2
2
2
2
2

\ Jlfflnff

34.104
33.609
35300
34.434
34.148
35.643
34.422
35.624
35.716
35.831
35.940
35.911
35.922
37.632
36.765
38.035
37.342
37.404
37.877
40.877

Loogitude

117.100
116.460
116.810
117.874
118.170
118.480
119.710
120255
120205
120.346
120.423
120.486
120.533
119.079
121.440
120.390
120.640
122.170
122240
124.070

EpiceiKn] 
Distance Om)

63
67

125
135
161
245
303
382
382
399
411
415
419
448
535
553
585
628
662
1000

Peak stress 
<Ur)

9.4
S.8
19.1
2J
7J
3.6
4.1
1.5
1.4
2-0
2.5
1.6
1.6
32
1.4
3.0
1.5
12
1.2

0.8

Station types: 1 « U.S. Geological Survey borehole strainmeter; 2 * Berkeley Digital Seismic Network 
seismometer; 3 « Caltech Terrascope Network seismometer.
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